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ABSTRACT 
 
Oil spills are a hazard during exploration activities in aqueous environments.    
The spilled oil can coat sediments and changes the adsorption capacities of the 
minerals. To constrain this process, arsenate (As
V
) adsorption on natural and     
oil-coated mineral surface was investigated using batch experiments. Arsenate 
was chosen because of its high concentration in oil and its high toxicity to marine 
organisms. Adsorption isotherms, kinetics, and mechanisms were assessed. 
Solutions with low and high pH and ionic strengths (I) were used to mimic 
relevant environmental conditions and goethite, illite, montmorillonite, kaolinite, 
and chlorite were chosen as they are typically found in sediments.  
 
Isotherms show that As
V
 adsorption on natural and oil-coated clay minerals 
follows the Langmuir model. Thermodynamic equilibrium is reached between      
2 and 24 h and is delayed on oil-coated minerals. The adsorption capacity is 
reduced on oil-coated minerals because of surface area reduction except for 
montmorillonite where the surface area is increased due to dispersion of the 
mineral in water. Adsorption increases at lower pH on both natural and oil-coated 
minerals because the affinity of the negatively charged As
V
 oxyanion is higher for 
positively charged surfaces. At the same pH, maximum adsorption capacity is 
slightly higher at higher I. Spectroscopic investigations suggest that As
V
 
adsorption occurs via an inner-sphere complex on the mineral surface. For clay 
minerals, As
V
 adsorption on basal surface via Na
+
 bridging is also important.      
Oil coating changes the adsorption enthalpy and entropy suggesting important 
effects of the oil on bonding structures and complexes. Simple compensation plots 
show that the adsorption of As
V
 on oil-coated minerals is entropy-controlled. 
 
In conclusion, oil coating not only reduces the adsorption capacity of minerals but 
also affects bonding structures and energies. These effects must to be taken into 
account in oil exploration and future risk assessment. 
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increasing temperature for both natural (panel (e)) and 
oil-coated clays (panel (f)). The difference with goethite 
is that the As
V
 anion is believed to be adsorbed on clays 
through Na
+
 bridging. 
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1. INTRODUCTION  
1.1. GEOGRAPHY OF THE GULF OF THAILAND 
The Gulf of Thailand (GOT) is situated between latitudes 5˚00′ and 13˚30′ N and 
longitudes 99˚00′ and 106˚00′ E. It is over 700 km in length and 600 km in width 
and opens to the South China Sea. It is a semi-enclosed marine embayment with 
an area of about 350,000 km
2
. The maximum depth of the GOT is less than 90 m. 
Water depth, 60 to 100 km offshore in the northern and far eastern parts, is less 
than 20 m. For the western part, the water depth within 10 to 20 km is more than 
20 m. The water depths greater than 75 m are found around 150 km offshore in 
the central part of the GOT but these depths only represent 10 % of area.  
 
The GOT hosts important marine resources such as corals, mangroves, oil and gas 
and the Gulf is also used for fisheries, aquaculture, and recreation. However, both 
rapid industrialization and rising population have considerably increased 
pollutants in the GOT. Especially the inner Gulf where both domestic and 
industrial waste discharge from four main rivers including the Chao Phraya, Bang 
Pakong, Tha Chin, and Mae Klong Rivers.  
 
1.2. PETROLEUM EXPLORATION  
The oil and gas industry in Thailand has been operating for more than 30 years. 
Thailand has had success in exploring and enhancing natural resources leading to 
substantial social and economic development. Presently there are a number of 
facilities in the GOT and some of them are reaching the end of their engineering 
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design lives. Therefore it is time to produce measures or guidelines for 
decommissioning. Policy makers must consider technical, legal, financial, and 
environmental issues. In 2011, efforts have already commenced for developing 
decommissioning guidelines which consist of requirements for any relevant 
stakeholder. 
 
The year 1971 marked the first step in the development of Thailand’s petroleum 
industry, upon the promulgation on the Petroleum Act. By 1979, the first oil and gas 
platform had been installed in the GOT. Presently, there are more than 200 facilities 
in the GOT, in addition to more than 1,000 km of infield petroleum pipelines. 
 
1.3. OCEANOGRAPHIC SETTING  
The oceanic movement of the GOT comprises a shallow two-layer estuarine 
circulation (Hungspreugs et al., 1989). Rainfall and freshwater runoff lead to 
lower salinity at the water surface. This water flows southwards and out of the 
Gulf. At deeper levels, more saline water from the South China Sea flows north to 
the Gulf. Water circulation in the GOT is complex caused by seasonal wind, 
rainfall, and tidal influences. 
 
Between November and February, the northeast monsoon brings cooler and drier air 
to the GOT. However, this air mass does not go further into the north of the GOT. 
The air mass continues to the west and comes out of the Gulf. This monsoon 
generates a counter clockwise circulation of surface water in the Gulf. The shallow 
water in the upper Gulf is forced into a corresponding clockwise circulation. 
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During May and September, the southwest monsoon is fully developed. It has 
been reported that water flow at the surface and mid-depth is strong. In the upper 
Gulf, water flow is forced into counter clockwise circulation. It is believed that 
tidal influences play a significant role on water movement. The surface water 
circulation is influenced by monsoon, rainfall, and tidal factors, and can be 
divided into four patterns. 
 
The current pattern has been recorded at Funan and Erawan platforms, in the 
vicinity of gas fields. It has been shown that the current pattern is caused by a 
diurnal tidal flow. The maximum tidal amplitudes are 30-35 cm/s (0.6 knots) at 
both locations, with an exception near the bottom of the Erawan platform where 
speed is decreased by about one half. This is believed to be a result of frictional 
drag from the seabed near the bottom of the water column. The close-to-bottom 
maximum speed is thought to be high enough to sometimes re-suspend fine 
sediment from the seabed. This sediment could be further transported by 
prevailing currents.  
 
1.4. MINERALS IN THE GULF OF THAILAND 
The study of clay minerals in the GOT showed that marine sediment was 
composed of 35 % montmorillonite, 30 % illite, 22 % kaolinite, and 13 % chlorite 
(Aoki, 1976). The high concentration of montmorillonite in the GOT has been 
related to soil deposits from the north coast of Malaysia. Montmorillonite 
decreases from the river mouth towards offshore to the South China Sea.               
In contrast to the montmorillonite, illite and chlorite are believed to originate from 
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the Mekong Delta of South Vietnam (Yoothong et al., 1997) close to Cambodia 
(Post and Sloane, 1971).  
 
Kaolinite in the GOT is thought to be derived from Malaysia because it is found 
in the sediment of the east coast of Malacca Strait which is associated with 
kaolinite pebbles. Chlorite decreases from the river mouth towards offshore but is 
less dominant than montmorillonite. 
 
1.5. TOTAL ORGANIC CARBON 
Total organic carbon concentrations of surface sediments higher than 15 mg/g 
were found in the eastern part of the upper Gulf and western part of the Gulf near 
Samui Island (Figure 1.1). Lower organic carbon concentrations were found in the 
most upper part and in the eastern part of the middle Gulf. In the lower Gulf, total 
organic carbon concentrations were between 3 and 10 mg/g with low values      
(3-4 mg/g) in the middle part of the Gulf (Meksumpun et al., 2005). 
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Figure 1.1 Contour graph of total organic carbon concentrations of the surface (0-2 cm) sediment 
in the GOT. The higher concentrations were found in the eastern part of the upper Gulf and 
western part of the Gulf. The lower concentrations were found in the most upper part and in 
eastern part of the middle GOT (Meksumpun et al., 2005). 
 
The presence of organic carbon is controlled by water mass distribution and 
currents (Takahashi et al., 1984). This is due to the fact that it is affected by the 
velocity and direction of wind as well as topography. The velocity and direction 
of surface water current are significantly impacted by the monsoon. Therefore 
total organic carbon concentration might be influenced by the geography and 
monsoon-based currents. Tidal influences may be lead to the disturbance of 
sediment, especially in shallow water depths. 
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1.6. SURFACE SEDIMENT TEXTURES 
Marine sediments in the GOT typically consist of clay, sand, and silt. The surface 
sediment texture is different depending on the time of the year. The mechanisms 
of alteration of the surface texture are probably due to the influence of water 
current and the effect of the monsoon.  
 
Normally, produced water is the major fluid discharge from offshore petroleum 
platforms. The discharge of produced water can affect marine organisms because 
of the toxic substances present in the produced water. The impact of produced 
water can be determined by testing the accumulation of toxins in marine organisms. 
The results from analyses of produced waters show that arsenic (As) is mainly 
present in the dissolved phase and exists as arsenite (As
III
) and arsenate (As
V
). 
 
1.7. DECOMMISSIONING AND ITS PROBLEMS 
As known, the accessibility to oil and gas has brought tremendous benefits to our 
lives. These natural resources have provided the energy for industrial 
development particularly in the 20
th
 century. In 1971 oil was found in the GOT 
leading to further oil exploration. Oil and gas production is still going on in the 
GOT even in more difficult deeper and hasher environments. 
 
Many different kinds of offshore structures have been constructed to sustain oil 
and gas production around the World. These structures have to be removed to 
enable safe navigation and other uses of the sea. There are many complex issues 
relating to decommissioning including health and safety, engineering techniques, 
Chapter 1 
Page | 25 
 
environmental impact, economics, and legal implications. The cost of 
decommissioning has to be justified depending on these issues. 
 
The offshore structures generally found throughout the World are fixed steel 
platforms. The decommissioning process relates to the abandonment or removal 
of piles, pipelines, jacket, and topsides, etc. The common method used when the 
production finishes is well plugging with cement and abandonment. The pipeline 
will be cleaned before disconnecting from the platforms. Most pipelines are left in 
situ if they do not form obstructions to other users or cause any pollution.         
The topsides are then disconnected from the jacket and transported to shore for 
disposal or are left in situ for other uses. 
 
Recently, there are more than 200 oil and gas platforms in the GOT. Some of 
them are reaching the end of their engineering design lifespan. The oil and gas 
industry in Thailand operates under the Petroleum Act and a concession 
agreement system. If renewal of the related concessions is not granted, such 
facilities have to be decommissioned in the near future according to the Petroleum 
Act B.E. 1971 and the UNICLOS, I&III (1958 and 1982). Disposal or 
decommissioning of facilities is considered to be a critical issue in many countries 
due to many related issues. Thailand has no experience of decommissioning any 
offshore oil and gas platform so far. The process of decommissioning will require 
an understanding on many aspects as mentioned above.     
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Thailand is a signatory to United Nations Convention of the Laws of the Sea, 
UNICLOS, I&III (1958 and 1982). According to UNICLOS, an offshore facility 
that reaches the end of its engineering design life has to be totally removed from 
the international waters (24 to 200 nautical miles from the coast) for safe 
navigation. In addition, after the end of the petroleum concession period, the 
facility must be removed within three months and the area must be restored to its 
original condition according to Thailand’s Petroleum Act 1971.      
 
1.8. RATIONALE 
The published literature reveals that much research has been performed on As
V
 
adsorption on goethite and other mineral oxides, especially on the competitive 
behaviour of As
V
 and phosphate. The adsorption of As
V
 and phosphate on mineral 
oxides is similar and much research has emphasized the propensity of As to 
adsorb on iron (III) oxides due to their high adsorption affinity. Less research has 
focused on the adsorption of As under marine conditions and no previous work 
has examined As
V
 adsorption in the presence of oil. This study is performed to 
assess the impact of oil on As
V
 adsorption on goethite at low and high pH and 
ionic strengths (I). Goethite is used for the adsorption experiments because 
commonly found in soils and sediments. In addition, four clay minerals typically 
found in the GOT have been performed for this thesis under the same conditions 
as those for goethite. Arsenate is also studied to reveal its adsorption kinetics and 
to determine the relevant adsorption isotherm under five temperatures to assess 
the adsorption in the absence and presence of oil. The results from these 
experiments will be very essential for predicting the contamination of As in the 
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environment following a leak of As
V
-containing oil or production waters during 
decommissioning of petroleum platforms in the GOT.  
 
1.9. AIM AND OBJECTIVES   
The aim is to investigate the suggested impact of leakage of As-containing fluids 
during petroleum platform decommissioning. The experiments were designed to 
assess As
V
 adsorption on goethite and clay minerals in the absence and presence 
of oil under low and high pH and I. The objectives of this work are to: 
1. Understand AsV adsorption on goethite and clay minerals under varying 
pH and I. 
2. Examine AsV adsorption on goethite and clay minerals in the presence 
of oil under varying pH and I. 
3. Compare the effect of oil on AsV adsorption on goethite and clay 
minerals under varying pH and I by using isotherms and maximum adsorption 
capacity (Qmax). 
4. Determine whether inner-sphere or outer-sphere complexes of AsV are 
formed during adsorption on goethite and clay minerals by looking at the effect of 
I on its adsorption.  
5. Assess the effect of surface charge on the adsorption to reveal the 
influence of pH in the natural environment. 
6. Identify the effect of temperature on AsV adsorption for goethite and 
clay minerals at high pH and I.  
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The outline of this thesis is divided into seven chapters. The first chapter is the 
introduction about the GOT, decommissioning, and general information regarding 
the GOT, aim, objectives, and outline of the thesis. The other six chapters are as 
follows;   
Chapter two includes the literature review including all previous work.  
Chapter three presents methodology used for all the experiments in this thesis. 
Chapter four assesses As
V
 and oil interaction on goethite at low and high pH and I. 
Chapter five determines As
V
 and oil interaction on four clay minerals at low and 
high pH and I. 
Chapter six discusses thermodynamic and kinetic constraints of As
V
 adsorption on 
goethite, illite, and montmorillonite in the presence of oil coating at 0.7 M NaCl 
and pH 8. 
Chapter seven includes conclusion and future work. 
 
This thesis is presented as a series of papers for three chapters (Chapters 4-6).      
At the time of thesis submission, Chapter four has been already published in 
Water Research. Chapter five is ready to be submitted to Geochimica et 
Cosmochimica Acta and Chapter six is ready to be submitted to Energy and 
Environmental Science. 
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2. LITERATURE REVIEW 
2.1. ARSENIC IN THE ENVIRONMENT 
2.1.1 Abundance and hazard 
Arsenic (As) is a toxic element with known carcinogenic and mutagenic 
properties indicating its potential danger to human health. Arsenic is found widely 
in the environment and exposure to low concentrations over extended periods of 
time may have chronic effects such as skin, lung, and kidney cancer; by contrast 
short term exposure to high concentrations can be almost immediately fatal. 
Arsenic ranks 20
th 
(Deocadiz et al., 1999), 14
th
, and 12
th
 in relative abundance of 
elements found in natural systems, seawater, and the human body, respectively. 
The predominant two oxidation states are found, namely arsenate (As
V
) and 
arsenite (As
III
). The former is predominant in oxidizing condition and the latter 
dominates under reducing condition. Among oxyanions, As is the most 
problematic element in the environment owing to its mobility over a wide range 
of redox conditions. 
 
Arsenic is the most hazardous substance existing in ground water in many 
countries and is present at variable concentrations (Luengo et al., 2007; Mondal  
et al., 2007; Ramesh et al., 2007; Carabante et al., 2009). Countries include 
Argentina, Bangladesh, Brazil, China, Chile, Canada, Cambodia, Germany, 
Hungary, India, Mongolia, Mexico, Myanmar, Nepal, Nicaragua, Poland, 
Sweden, Vietnam, Thailand, and USA. In some areas anthropogenic sources can 
be highly important. Arsenic concentrations found in ground water vary with 
climate and geology (Welch et al., 2000). Use of untreated ground water for 
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drinking and cooking leads to As ingestion into the human body. In some areas 
the discharge of industrial effluent into natural water bodies can lead to enhanced 
levels of As in the environment and their associated aquatic organisms. 
 
High concentration of As in drinking water causes critical problems for human 
health around the World. The drinking water maximum level (MCL) of As, as 
recommended by World Health Organisation (WHO) in 1993 is 10 g/L          
(So et al., 2008). In many countries, such as India, Bangladesh, Guam (a small 
island in Western Pacific Ocean), As in ground water exceeds the WHO 
drinking water guideline amount. In Bangladesh, the concentration of As is up 
to 1000 g/L and millions of people suffer from cancer and keratosis due to As 
poisoning derived from their drinking water (Pinon-Miramontes et al., 2003). 
India, Bangladesh, Taiwan, China, and Vietnam have MCL of 50 g/L (Mondal  
et al., 2007).  
 
To achieve harmony with the WHO recommendation the United States 
Environmental Protection Agency (EPA) and the European Commission both 
reduced their MCL to 10 g/L in 1993 and 2003, respectively (Partey et al., 
2008; Shipley et al., 2009). A more stringent 7 g/L was adopted by the 
Australian National Health and Medical Research Committee (NHMRC) in 1996 
(Mondal et al., 2006). Japan and Canada adopted MCL of 10 and 25 g/L, 
respectively.  
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In seawater As concentration displays little variation and occurs at very low g/L 
levels. The range of As
V
/As
III
 ratios in seawater is 10-100 (Smedley and 
Kinniburgh, 2002). However, the proportion of As
V
 to As
III
 varies depending on 
sources, redox conditions, and biological activity. In estuaries, As concentration is 
more variable than in open marine settings due to river inputs and variable redox 
conditions. In aerobic seawater, As
III
 is oxidized to As
V
, which is the predominant 
and bioavailable form. The oxidation of As
III
 to As
V
 generally declines with 
increasing water depth as communication with the oxidising atmosphere becomes 
more difficult.  
 
In the environment (Figure 2.1) As may be involved in many processes, including 
redox reaction, ligand exchange, precipitation, desorption, adsorption, and 
biological uptake. Inorganic As reacts with various metals, but the most important 
reaction is associated with iron and manganese oxides. This leads to precipitation 
and co-deposition with the sediment (Hunt and Howard, 1994). 
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Figure 2.1 Arsenic in the environment (adapted from Jones (2007)) can be found in organic and 
inorganic forms influenced by many processes in the environment. 
 
2.1.2 Sources and uses 
Arsenic is an element that displays both metallic and non-metallic properties. 
Arsenic is one of the toxic substances found in natural waters and sediments and 
is derived from a variety of sources (Figure 2.2). Arsenic can be found in the 
atmosphere, soil, rock, water, volcanic emission, and biology, and can be 
prominent in all natural environments.  
 
Arsenic comes from both natural and human activities. Natural As is derived from 
the geochemical environment and is generated from rock during weathering or 
volcanic action. Anthropogenic sources of As primarily originate from landfill, 
pesticide, mining, coal combustion, high-temperature combustion, and smelting of 
other metals (Nriagu and Pacyna, 1988; Alloway, 1990). The most significant 
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application of As is in the production of various insecticides, herbicides, 
fungicides, algaecides, rodenticides, and pharmaceutical products (Deocadiz et al., 
1999). It is also used in the production of semiconductors, pigments, and glass 
manufacturings. The discharge of As after use in industrial processes leads to 
contamination in the environment. Arsenate is a significant form of As found in 
anthropogenically altered waters. Chilvers and Peterson (1987) reported that the 
natural to anthropogenic atmospheric input ratio of As was about 60:40. Han et al. 
(2003) reported that the World As anthropogenic contribution in year 2000 was 
4.53 million tonnes. 
 
Figure 2.2 Natural and anthropogenic sources of As (adapted from Jones (2007)) can lead to 
contamination in the environment. 
 
2.1.3 Speciation  
Arsenic in the environment can be found in four oxidation states (i.e., +5, +3, 0, 
and –3) under different redox conditions (Neff, 1997; Smedley and Kinniburgh, 
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2002). Elemental As is rarely found and As
III
 can be found only at particularly 
low Eh values in reducing environments (Neff, 1997). In natural waters As is 
usually found in inorganic form as As
III
 and As
V
 (Smedley and Kinniburgh, 2002; 
Partey et al., 2008). Arsenate exists as deprotonated oxyanions dependent on pH. 
At natural pH, As
III
 is present in the forms of H3AsO3 and H2AsO3
-
, and As
V
 is 
present as H3AsO4, H2AsO4
-
, HAsO4
2-
, and AsO4
3-
 (Manning and Goldberg, 
1996a). At a pH equivalent to seawater As
V
 should exist as H2AsO4
-
 and HAsO4
2-
, 
and As
III
 should exist as H3AsO3 (Smedley and Kinniburgh, 2002). Arsenic is 
normally found in oxidizing environments with a pH range of 2 to 9 in the forms 
of H2AsO4
-
 and HAsO4
2-
 (Partey et al., 2008). It is observed that As is present 
mainly as H2AsO4
-
 at pH 3-6 and HAsO4
2- 
dominates at pH 8-10.5 (Deliyanni      
et al., 2003). Under oxidising conditions, HAsO4
2-
 is dominant at high pH, 
whereas H2AsO4
-
 is dominant at lower pH (pH <6.9). Under reducing conditions, 
H3AsO3 is dominant at pH lower than 9.2. The As
V
 speciation within specific 
oxidation state is controlled by pH and the distribution of As species between As
V
 
and As
III
 is controlled by the redox potential (Eh). Hence, As speciation in the 
environment is controlled by Eh-pH changes (Figure 2.3) (Smedley and 
Kinniburgh, 2002; Lafferty and Loeppert, 2005). Under low pH and pE, the 
activity of electron (pE = -log e
-
), where ferrous iron is present, high As
III
 is 
expected. If high As
V
 is present at low pH and pE, the reduction of As
V
 to As
III
 
may be possible. 
 
Some of the most common compounds (Leermakers et al., 2006) are shown in 
Figure 2.4. Biological activity impacts on As speciation and its distribution 
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between dissolved and particulate fractions in the marine environment (Andreae 
and Froelich, 1984). Biological processes are most important in the photic zone 
and the upper layers of sediment. In oxic marine surface waters, the reduction in 
As
V
 occurs correlatably with the abundance of photosynthetic organisms which 
can be visualised by the high level of chlorophyll a pigmentation present 
(Smedley and Kinniburgh, 2002). The biological cycle of As involves many 
processes in the environment including the biological uptake of As
V
, the 
conversion between As
III
 and As
V
, and the release of As
III
 and methylated species. 
The bioavailability of As is dependent on pH, redox potential, the type and 
availability of mineral surface, and the presence of bacteria, which can convert As 
into volatile methylated As (Grafe et al., 2001).  
 
In natural waters As occurs primarily as As
V
 (Madsen, 1992; Bose and Sharma, 
2002), and to a smaller extent as As
III
 and methylated arsenicals. The decrease in 
dissolved oxygen and pH will lead to the reduction of As
V
 to the more toxic As
III
 
(Madsen, 1992; Grafe et al., 2001). The reduction of As
V
 to As
III
 is believed to be 
greater when mediated by bacteria and corals (Thursby and Steele, 1984). In the 
environment As
V
 is strongly adsorbed to many mineral surface, such as alumina, 
ferrihydrite, and goethite. At pH higher than 6 the adsorption of As
III
 is higher 
than As
V
 (Goldberg, 2002) leading to a reduction in the mobility of As
III
.             
In contrast, As
V
 is less adsorbed on mineral surface leading As
V
 to be more mobile. 
 
Methylated As and more complex As compounds have been found in the 
environment. Methylation can be performed by a number of organisms, such as 
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bacteria, fungi, and mammals. Microorganisms can convert As
III
 to As
V
 or vice 
versa for detoxification and respiration (Bauer and Blodau, 2006). More reduced 
and organic species are found as small proportions of total As (Bauer and Blodau, 
2006). It is reported that monomethylarsonic acid (MMA) and dimethylarsinic 
acid (DMA) can be as toxic, or more toxic, than As
III
 and As
V
. Arsenobetaine 
(AB) is the dominant form in which As is accumulated in marine macroalgae and 
marine herbivores (Foster et al., 2005). 
 
Both As
V
 and As
III
 are found in drinking water depending on redox potential, 
pH, and microbial activity (Ferguson and Gavis, 1972; Smedley and Kinniburgh, 
2002). Monomethylarsonic acid and DMA, organic forms of As, are also 
regularly found in seawater (Neff, 1997). This indicates the significant 
contribution of biological activity to the speciation of As in the environment 
(Andreae and Froelich, 1984; Deocadiz et al., 1999). Arsenate in soil and water 
is found dominantly under oxidizing conditions. The adsorption of As
V
 on soil is 
dependent on pH, competitive anion, and Fe and Al oxide content. At normal pH 
the dominant As species in soil are H2AsO4
-
 and HAsO4
2-
 and the adsorption of 
As
V
 is found when the net surface charge of oxide and oxyhydroxide surface is 
positive or pH < pHPZC (Garcia-Sanchez et al., 2002). 
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Figure 2.3 An Eh-pH diagram of As at 25 ˚C and 1 bar (Smedley and Kinniburgh, 2002).          
The activity of As
V
 at 0.001 and 0.7 M used in this thesis is 0.87 and 0.15, respectively. 
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Figure 2.4 Structures of the most common forms of As in the marine environment (adapted from 
Leermakers et al. (2006)) 
 
 
2.1.4 Distribution, fate, and transport  
In the natural environment there are many chemical reactions transferring As from 
one place to another including adsorption on metal oxides, clay minerals, and organic 
matter. The mobility of As in the environment is mainly controlled by processes at 
mineral surface, such as precipitation, dissolution, adsorption, and desorption (Bauer 
and Blodau, 2006) which are in turn influenced by redox potential, soil mineralogy, 
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pH, other oxyanions that compete with As for surface sites (Manning and Goldberg, 
1996b), solid-to-solution ratios, As sources, and organic matter.  
 
At neutral pH and under oxic conditions, As is adsorbed and coprecipitates with 
metal oxides via the formation of inner-sphere complexes. Low pH and reducing 
conditions may cause the dissolution of metal oxides and an increase in the 
mobility of As. Under strongly reducing environments, As concentration is 
controlled by the formation of sulphide minerals. 
 
2.2. PETROLEUM IN THE MARINE ENVIRONMENT 
2.2.1 Sources and uses 
Marine pollution by petroleum hydrocarbons primarily takes place via marine 
operations, discharge from land, and atmospheric and natural inputs. Natural 
sources include atmospheric fallout and natural seepage, and anthropogenic 
sources are estimated at 2.37 x 10
6
 tonnes/year. It is reported that 65.2 % of these 
comes from municipal and industrial wastes, urban and river runoffs, oceanic 
dumping and atmospheric fallout; 26.2 % is discharged from transportation, 
tanker accidents, and the rest derives from offshore oil and gas production and 
refineries (Chouksey et al., 2004).    
 
Petroleum contamination in the environment is a global environmental concern. 
The discharge of industrial effluent and spillage of petroleum during production 
or transportation can have deleterious effects on freshwater and seawater 
environments. There are many petroleum pollution events that occur each year but 
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they are the large scale crude oil spills that represent recognizable and widely 
publicized contamination events.   
 
2.2.2 Composition of crude oil 
Oil is a term that refers to a petroleum product that is composed of liquid 
hydrocarbons. Crude oil comprises a wide spectrum of hydrocarbons ranging 
from low molecular weight or volatile compounds, which can be aliphatic, 
aromatic, or polar, to more complex entities such as asphaltenes. The refined 
products from oil have necessarily more specific ranges of hydrocarbons and the 
proportion of compound sizes and types depends on the specific kind of fuel.   
The different compounds in petroleum have varying reactivities, solubilities in 
water, volatibilities, mineral surface affinities, and biodegradabilities. Some of 
these characteristics negatively correlate, for instance, low molecular weight 
aromatics are more soluble in water, but adsorb less well on clay mineral surface 
relative to their alkane counterparts. Moreover, although less soluble in water and 
therefore more difficult for bacteria to access, alkanes are preferably degraded by 
bacterial organisms relative to aromatics (Apitz and Meyers-Schulte, 1995). 
 
The main elements of concern in crude oil, residual oil, oil fractions, natural gas 
and gas condensates, and related product are V, Ni, S, Hg, and As. The level of 
heavy metals in the crude oil varies from ppb in light oil to hundreds of ppm in 
crude oil. These elements tend to remain in residual fuel oil fractions following 
refinement and the increased use of heavy crude oil and heavy distillation 
fractions inevitably leads to the dispersion of these elements in the environment. 
Chapter 2 
Page | 42 
 
Gas condensate is also increasing causing levels of Hg and As to be raised during 
contamination events. The main volatile As species in natural gas is 
trimethylarsine, which makes up 55-80 % of As; the rest is the mixture of methyl-
ethyl-trialkylarsines and triethylarsine. Additional research has found that 
triphenylarsine is a major component alongside triethylarsine.   
 
2.2.3 Spilled oil and its fate in the marine environment  
Assessments of the behaviour and fate of pollutants have been performed for 
many years. Interest in specific chemicals depends on the risk to human health 
and living organisms. The identification of pollution sources can inform policy 
makers leading to effective laws and regulations that are necessary to decrease the 
impact of oil pollution.  
 
Following oil spills in the sea, there are many processes that transform the oil 
from its original state to an alternative constitution. The modification process 
depends on the oil properties and composition in addition to the environmental 
conditions it encounters. The rate of each process depends on not only the average 
molecular weight of oil but also the hydrological and physical conditions of the 
water surface. After oil spillage in the sea, the oil will disperse on the sea surface. 
The dispersion is controlled by gravity forces, oil viscosity, and surface water 
tension. Low molecular weight oil will evaporate and leave thicker fractions.   
The transformation of oil into the gas phase occurs a few days after the oil spill 
and leaves the more viscous portions behind. This oil slick will become thinner 
if it continues spreading over sea surface. The speed of dispersion is about 3-4 %   
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of wind speed and, perhaps surprisingly, water currents do not have a 
substantial effect on dispersion. Storms and the turbulence they create accelerate 
dispersion often resulting in the dissolution of low molecular weight aliphatic and 
aromatic hydrocarbons. It is believed that an average of 1-3 % crude oil dissolves in 
seawater. After strong winds, however, oil can mix with water to form an emulsion, 
a process leading to a long-lived suspension of oil droplets in water. Lower 
temperatures will increase the stability of any such emulsion.  
 
Particles can adsorb oil and cause it to sink to the bottom sediment. This process 
usually operates in shallow waters and coastal areas where there are more 
particles and mixing is more evident than in the deep ocean. At the same time, 
biosedimentation occurs due to the adsorption of microorganisms and plankton on 
the emulsified oil. Metabolites and remainders, which will be eventually 
decomposed by microorganisms, are also deposited onto the seabed. 
Environmental factors controlling microbial degradation are temperature, nutrient 
supply, oxygen availability, and the abundance and diversity of microorganisms. 
 
Some oil can coagulate together to form larger fractions, termed tar balls, which 
can be found in the sea, coastal areas, and on beaches. This process is called 
aggregation and this occurs after oil evaporation, dissolution, and emulsification, 
with the thicker fractions having long durations in the environment. In addition, 
oxidation and photochemical reactions occur as a result of irradiation by 
ultraviolet light. The rate of oxidation decreases with increasing water depth as 
the ultraviolet flux is attenuated, especially in anaerobic environment.  
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The various sinks for oil in the marine environment ensure that marine ecosystems 
can purify themselves unless the quantity of oil exceeds a threshold level 
depending on many of the environmental factors discussed above. 
 
2.3. CLAY MINERALS 
Clay minerals play an important role in the environment by filtration of water via 
ion exchange and adsorption processes. A variety of applications of clay minerals 
have been found because they are abundant and allow chemical and physical 
modification. Applications involve coating products, glue, drilling fluids, 
cosmetics, and wastewater treatment. Organoclays (clay-organic complexes) have 
been used in paints, greases, and oil-based drilling muds. Clays have been 
considered for metal removal because they have many types of active sites on the 
surface including Bronsted and Lewis acid sites, and ion exchange sites.           
The modification of clay changes the structure and may either enhance or inhibit 
the adsorption. The adsorption capacity is varied depending on metals and type of 
the clays. Among clay minerals, montmorillonite is used in particular because of 
its high cation exchange capacity, swelling property, and easy modification. It has 
high surface area and great capacity to adsorb water (Naseem and Tahir, 2001; 
Mohapatra et al., 2007a) to different degrees, which allows interaction with, and 
adsorption of, dissolved and suspended species. It can exchange cations within its 
interlayers and both cations and anions on its surface, specifically in the clay 
edge. The most common cations adsorbed on clay minerals are Ca
2+
, Mg
2+
, Fe
2+
, 
K
+
, and Na
+
, and the common anions are SO4
2-
, Cl
-
, PO4
3-
, and NO3
-
 (Mohapatra 
et al., 2007a). Generally, clay minerals consist of layers made up of silicon in 
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tetrahedral coordination and aluminium, magnesium, or iron in octahedral 
coordination (Mohapatra et al., 2007a). The permanent negative charge is caused 
by the ion substitution in the crystal lattice. The layers have typically a permanent 
negative charge of variable value, which is balanced by cations in the interlayer 
(Newman, 1987), therefore a variety of cation adsorption studies on clay minerals 
have been carried out in the past (Angove et al., 1998; Srivastava et al., 2005; 
Bhattacharyya and Gupta, 2006; Harris et al., 2006; Gu and Evans, 2008; Lund   
et al., 2008; Landry et al., 2009). It was found that the adsorption of cations on 
clays depends on pH, surface area, temperature, heavy metal species, type of 
clays, and intercalated species that modifying clays. Much research has been 
carried out to investigate the effect of temperature on the cation adsorption on 
clays. For example, the adsorption of Cd
2+
 and Cr
6+
 on clays is endothermic, the 
adsorption increases with increasing temperature. The adsorption of Cr
3+
, Co
2+
, 
Pb
2+
, Ni
2+
, and Zn
2+
 is exothermic, the adsorption decreases with increasing 
temperature. The adsorption of cations could occur both at the surfaces and the 
edges of the clays. However, the adsorption of anions including As
V
 is much more 
found at the edge of the clays.  
 
The edges of clay mineral layers can be positively or negatively charged 
depending on pH (Mohapatra et al., 2007a; Peng et al., 2009). The edge charges 
arise from broken bonds in the silica-alumina units and generate proton shift 
reactions (Peng et al., 2009). These edge charges are positive at low pH and 
negative at high pH. Thus, pH affects ion sorption on clays as a result of the 
change of charge at the edges. Both Al-OH and Si-OH functional groups 
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contribute to edge adsorption. Different clays have different pHPZC values, 
resulting in different As
V
 adsorption capacities (Manning and Goldberg, 1997). 
Generally, the adsorption of As
V
 is higher at low pH because clay edges become 
protonated and positively charged, which is favourable for anion adsorption 
(Mohapatra et al., 2007a). Anion adsorption can be improved by modifying the 
clay minerals with organic cations (Krishna et al., 2001; Beall, 2003; An and 
Dultz, 2008). A few work have been done using modified clays with surfactant, like 
hexadecyltrimethyl ammonium (HDTMA) before anion adsorption. For example, 
kaolinite intercalated with HDTMA had the As adsorption capacity of 7 mol/kg 
(Bhattacharyya and Gupta, 2008). The modification of montmorillonite by 
HDTMA increased chromate adsorption (Krishna et al., 2001). 
 
The adsorption of anionic species on clay minerals is assumed to involve two 
principal processes, ionic exchange and surface complexation. Ionic exchange is 
related to electrostatic, non-specific interaction between positively charged sites 
and anions. Surface complexation involves specifically directed bonds between 
the anion and species on the surface of clay minerals. Adsorption of the As
V
 
oxyanion on clay minerals may be important under acidic conditions especially 
(Sadiq, 1997), where electrostatic adsorption on edges is favoured. Indeed, the 
maximum adsorption of As
V
 on kaolinite, montmorillonite, and illite was found at 
pH 2.0 to 5.0 (0.86, 0.64, and 0.52 mg As
V
/g clay, respectively) (Mohapatra et al., 
2007b). These three minerals have different structure and composition. Kaolinite 
is a 1:1 clay (1 tetrahedral and 1 octahedral sheet in each layer) and no cationic 
substitution. Smectite and illite are 2:1 clays (2 tetrahedral and 1 octahedral sheet) 
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with cationic substitution. Smectite is a swelling mineral, whereas kaolinite and 
illite are not. These differences result in very different surface area and character 
of the surface sites. It has also been found that As
V
 adsorption on kaolinite, 
montmorillonite, and illite decreases in the presence of phosphate (Goldberg, 
2002), as expected, given that the two anions will act as competitors.  
 
The adsorption of organic compounds may change the character of clay mineral 
surface from hydrophilic to hydrophobic, depending on the character of the 
organic substances, which influences later adsorption of cations and anions from 
the environment (Newman, 1987). The adsorption of oil on clay minerals plays a 
significant role in environmental degradation. Degraded oil contains enhanced 
asphaltene concentrations. Asphaltene is one of the heaviest fractions in crude oil, 
enriched in the residue after refining. Polar organic compounds are abundant in 
asphaltenes and resins. Asphaltene has an amphilic character because it contains 
both polar and apolar groups. Asphaltene and resin adsorption onto clays leads to 
the alteration of wetting and expansion properties, surface sites, and cation 
exchange capacity of clay minerals. The adsorption of petroleum organic 
compounds onto montmorillonite is an irreversible process. Some compounds 
such as paraffin and alkane chains are easily adsorbed within the interlayer of the 
clays. However, n-heptane (an alkane) and toluene (an aromatic compound known 
as methyl benzene) adsorption onto clays is reversible (Cosultchi et al., 2004). 
The adsorption of crude oil and heavier and non-volatile compounds such as 
asphaltene could be suppressed by the aqueous film on the surface of clay 
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minerals. The asphaltene adsorption can be found at the edges or external surface 
of the clay minerals.  
 
2.4. THE ADSORPTION PROCESS 
The key factor controlling As mobility and availability in the environment is the 
adsorption of As onto mineral surface. It is important, therefore, to understand the 
adsorption process in order to predict the mobility of As in the sediment and water 
column. Adsorption is the term describing the accumulation of molecules in the 
interlayer or facial layer of minerals, whereas desorption is the converse process. 
Adsorption hysteresis is known to happen when adsorption and desorption curves 
divert from one to another. An adsorbate is the material in the adsorbed state, and 
the adsorptive is that material in the bulk gas or vapour phase before being 
adsorbed. Absorption occurs when the adsorbate penetrates into the solid phase.               
The terminologies ‘sorption’, ‘sorbent’, ‘sorbate’, and ‘sorptive’ are used for both 
adsorption and absorption where they happen at the same time or cannot be 
distinguished. The ‘sorption’ term includes solute uptake from solution by 
adsorption, absorption, or surface precipitation. Chiou et al. (1983) proposed that 
‘partition’ is used to describe the distribution of chemical between an organic 
sorbent and water phase, whereas ‘adsorption’ is an interaction between chemical 
and sorbent mineral fraction. 
 
The adsorption mechanism involves functional groups at the surface of adsorbents 
and their interaction with metal ions. This leads to the formation of metal-
inorganic complexes, metal-organic complexes, or the exchange of cations 
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because of the high cation-exchange capacity of adsorbents. Adsorption occurs in 
three steps as following (Unuabonah et al., 2007); 
i) solute transport from bulk through the liquid film to the external surface of 
the adsorbent  
ii) the diffusion of solute into the pores of the adsorbent, including the 
intraparticle transport mechanism of surface diffusion  
iii) solute adsorption on interior pore surfaces and capillary spaces of 
adsorbent. 
The last step is an equilibrium stage, which occurs rapidly.  
 
Adsorption can occur as physical adsorption (physisorption) and chemical 
adsorption (chemisorption). Physisorption is the process in which material is 
adsorbed by van der Waals interactions, whereas chemisorption occurs via 
chemical process. Chemisorption relates to hydrogen and covalent bonds. Van der 
Waals interactions are significantly important in seawater because of decreased 
double layer thickness at high I. As a result the electrostatic repulsion forces 
between negative anion and negative charge surface decreases. This makes the 
adsorbate approach closely to the surface, and leads to an increase in van der 
Waals bonding. Hydrogen bonds are formed when there is a water molecule 
between the cation and functional group of the adsorbent. Physisorption is a 
reversible process, whereas chemisorption is specific and can happen on a solid 
surface. The specific adsorption of anions on surface area involves the formation 
of surface complexes formed after adsorption. Electrostatic sorption relates to ion-
ion and ion-dipole interactions and both processes can occur at the same time or 
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alternately under favourable conditions. Physisorption is exothermic because it is 
followed by the reduction in free energy and entropy of a system.  
 
The adsorption and desorption of organic and inorganic components of 
particles have significant effects on their distribution in the environment.    
The mineral surface plays an important role in the adsorption and desorption 
processes. The surface charge (Figure 2.5) occurs due to the substitution of 
ions in the crystal structure or the reaction between functional groups on the 
mineral surface and ions in the solution. The charge of the mineral surface is 
normally compensated by counter ions of opposite charge (Rahnemaie et al., 
2006). 
 
 
 
Figure 2.5 Surface charge (C/m
2
) of some representative colloids (Stumm and Morgan, 1996). 
 
One of the most important factors controlling the adsorption and desorption of 
metal ions between mineral surface and the surrounding solution is pH.        
The protonation and deprotonation at the surface is controlled by pH, which 
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affects the charge density and redox properties of the mineral surface, and 
modifies the reactivity and adsorption capacity. 
 
Inner-sphere complexation is a term used to describe how the adsorbate adsorbs 
directly onto the adsorbent or mineral surface without a water molecule in 
between. Outer-sphere complexation is used to indicate that there is a water 
molecule between the adsorbent and adsorbate.  
 
Many studies have shown that the adsorption of As
V
 on Fe and Al oxides forms an 
inner-sphere complex, and the adsorption shows a slight I dependence or increase 
with greater I (Fuller et al., 1993; Goldberg and Johnston, 2001; O'Reilly et al., 
2001). Data from the X-Ray Absorption Fine Structure (EXAFS) indicate that 
As
V
 is adsorbed on ferrihydrite and goethite by forming inner-sphere bi-dentate 
binuclear and mono-dentate complexes. The surface complexation on the 
ferrihydrite occurs by the replacement of H2O and OH
-
 which is dependent on pH. 
This is called ligand exchange. The ligand exchange is involved with the 
exchange between the adsorbate and the functional group of the adsorbent 
(Arnarson and Keil, 2000). It is thought that ligand exchange is the main 
mechanism for the adsorption of humic substances and natural organic matter 
(NOM) on hydrous aluminium and iron oxide surfaces (Arnarson and Keil, 2000) 
and for the adsorption of As on goethite. 
 
Cation bridging is a mechanism commonly observed for the adsorption of As on 
aluminosilicates (Zhou et al., 1994). A cation bridge occurs when cations act to 
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connect the negatively charged surface of minerals and anions (Arnarson and 
Keil, 2000). This adsorption helps to control As distribution in the environment. 
 
2.4.1 Adsorption modelling 
The adsorption of heavy metals is used to assess the behaviour of pollutants in the 
environment. An adsorption isotherm represents the amount of solute adsorbed on 
an adsorbent and the corresponding quantity that remains in the solution at 
equilibrium. The adsorption isotherm is based on the relationship between the 
adsorbed quantity and the concentration retained in the solution at equilibrium. 
The isotherm can be used to determine the efficiency of an adsorbent for each 
adsorbate. Isotherms and isotherm curves are used to depict the adsorption process 
at a constant temperature.  
 
In general, an adsorption isotherm is used to explain mass transfer and the 
accumulation of an adsorbate at the liquid-solid interface. Assumptions involved 
include the heterogeneity/homogeneity of the adsorbent, coverage type, and likely 
interaction between the adsorbent and adsorbate. 
 
The most widely used isotherms are Langmuir and Freundlich models.        
The Langmuir isotherm describes the adsorption behaviour on a homogeneous 
surface, whereas the Freundlich isotherm describes the adsorption on a 
heterogeneous surface. The most common model used to explain monolayer 
adsorption is the Langmuir model. This model assumes that surface is uniform, 
the adsorbed material forms a single layer, and adsorption occurs at a constant 
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temperature. This Langmuir model is used to describe the strong adsorption 
between the adsorbent and adsorbate. The rate of adsorption is dependent on 
concentration of the adsorbate and surface chemistry of the adsorbent. 
 
The Langmuir equation assumes that the surface of the adsorbent is definite and 
energetically equivalent where one molecule can be adsorbed. The bonding could 
be chemical or physical but has to be strong enough to prevent the displacement 
of the molecule that is already adsorbed along the surface. Localised adsorption is 
different from non-localised adsorption, where the adsorbed molecules can travel 
along the surface. 
 
In the Langmuir model, the sorbed solute per sorbent mass, q, increases linearly 
by increasing sorbate concentration, C, usually at the beginning stage at which 
surface coverage is low, and the adsorption becomes nonlinear when surface sites 
are reaching saturation. This model is based on some assumptions; (i) the sorption 
energy is not different from all sites, (ii) sorption occurs at local sites without 
interaction with other sorbed molecules and (iii) the sorption maximum 
corresponds a monolayer. The Langmuir isotherm assumes that the sorption site is 
limited, thus the sorption increase is limited when As concentration increases up 
to the maximum level (Partey et al., 2008).    
 
The Langmuir isotherm model is expressed by the equation 
 
 e
emax
e
bC1
bCQ
q

    (2.1) 
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, where Ce is the adsorbate concentration in the solution at equilibrium (mol/L), 
qe is the adsorbate quantity at equilibrium (mol/g), Qmax is the maximum 
adsorption of adsorbate (mol/g), and b is a constant deriving from the 
experiment. The linear form of Langmuir equation is given as 
 
max
e
maxe
e
Q
C
bQ
1
q
C
    (2.2) 
 
The Freundlich model is also used for a single solute. This is derived empirically 
on the basis of solute distribution between the adsorbent and adsorbate at 
equilibrium. The Freundlich model is appropriate for heterogeneous surfaces.   
The Freundlich isotherm assumes that the sorption site is not limited and the 
sorption increases with increasing concentration in most cases (Partey et al., 2008).   
 
The Freundlich adsorption isotherm is a model for multilayer adsorption.          
The mechanism and adsorption rate are functions of constants, n and Kf.             
The Freundlich isotherm model is expressed by the equation 
 
n
1
efe CKq      (2.3) 
 
Taking log, it derives  
 
fee KlogClog
n
1
qlog    (2.4) 
 
, where Kf and 1/n are constants deriving from the experiment. 
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2.4.2 Factors affecting AsV adsorption on mineral surface 
The natural environment is characterized by the existence of various metals at 
many concentrations, different pH ranges, and heterogeneous mixtures of ligands. 
There are many factors affecting As
V
 adsorption on mineral surface. The sorption 
ability of a sorbent may depend on grain size, reactive surface area, ion exchange 
capacity, pH, mineral components, surface charge, pore volume, pore size, I,     
the existence of competing and complexing ions, and the concentration of the 
adsorbent and adsorbate.  
 
2.4.2.1 Effect of pH on AsV adsorption 
As mentioned above, one of the parameters controlling As speciation is pH, which 
in turn influences As adsorption (Manning and Goldberg, 1996a). For iron and 
aluminium oxides, the adsorption of As
V
 is higher at lower pH (Table 2.1) but 
As
III
 adsorption increases with increasing pH (Gao and Mucci, 2001; Goldberg 
and Johnston, 2001; Dixit and Hering, 2003; Antelo et al., 2005; Lafferty and 
Loeppert, 2005). The As
V
 adsorption at low pH is expected because the negatively 
charged As
V
 is attracted to the positively charged surface of goethite. Generally, 
at low pH (below 5-6) the adsorption of As
V
 onto amorphous oxide and goethite is 
greater than that of As
III
 (Dixit and Hering, 2003).  
 
Jain et al. (1999) evaluated H
+
/OH
-
 release and change in surface charge 
properties of the adsorbent during the adsorption of As
III
 and As
V
 on ferrihydrite 
at pH 4-10. The adsorption of As
V
 and As
III
 occurs by ligand exchange with OH2 
and OH
-
 on iron oxide surface which is influenced by pH and As concentration. 
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This adsorption releases surface OH
-
 and/or OH2 (Jain et al., 1999) and reduces 
the surface charge of ferrihydrite. The net OH
-
 release into the solution increases 
with increasing As concentration.  
 
The chemisorption of cations and anions can modify the surface charge.              
The chemisorption of cations increases the positive charge of the mineral surface 
and moves the pHPZC to higher pH, whereas the chemisorption of anions increases 
the negative charge of the mineral surface and moves the pHPZC to lower pH  
(Eick et al., 1999). Because the amount and mechanism of metal sorption may be 
controlled by pH, pH drift may influence the formation of metal sorption product. 
 
2.4.2.2 Effect of adsorbent on AsV adsorption 
Differences in particle size and surface area can lead to varying degrees of As
V 
adsorption on mineral oxides (Table 2.1). For example, it was observed that As
V
 
adsorption on ferrihydrite is higher than that on goethite by at least ten times 
(Lafferty and Loeppert, 2005). Dixit and Hering (2003) showed that the maximum 
adsorption of As
V
 and As
III
 on hydrous ferric oxide (HFO) was higher than goethite. 
This is consistent with a greater specific surface area for HFO than goethite.   
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Table 2.1 Maximum adsorption capacity at low and high pH from other studies. 
Sorbate Sorbent Qmax (mg/g) (pH) References 
As
V
 
oxidized surface sediment 
(Tulare Lake Bed, California) 
0.092 (7.5) 0.07 (8.5) (Gao et al., 2006) 
As
V
 goethite 11.38 (2) 3.2 (7) (Mohapatra et al., 2006) 
As
V
 goethite 10.33 (4) 8.9 (7) (Lafferty and Loeppert, 2005) 
MMAs
V
 goethite 10.7 (4) 9.1 (7) (Lafferty and Loeppert, 2005) 
DMAs
V
 goethite 3.6 (4) 0.5 (7) (Lafferty and Loeppert, 2005) 
As
V
 goethite 7.1 (6) 4.4 (11) (Grossl and Sparks, 1995) 
As
V
 ferrihydrite 207.6 (4) 140.1 (7) (Lafferty and Loeppert, 2005) 
MMAs
V
 ferrihydrite 233.1 (4) 126.5 (7) (Lafferty and Loeppert, 2005) 
DMAs
V
 ferrihydrite 76.7 (4) 62.6 (7) (Lafferty and Loeppert, 2005) 
As
V
 magnetite
a
 3.33 (4.8) 2.32 (6.1) (Yean et al., 2005) 
As
V
 magnetite
b
 35.26 (4.8) 23.46-18.38 (6.1-8.0) (Yean et al., 2005) 
As
V
 magnetite
c
  144.18 (8) (Yean et al., 2005) 
 
Note  
a
 = 300 nm magnetite  
 
b
 = 20 nm magnetite 
 
c
 = 11.72 nm magnetite 
 
Owing to their excellent adsorbent properties, some mineral oxides have been 
used for toxic substance removal in industrial processes. For example, they are 
effective adsorbents used for removing As from polluted water. Higher As
V
 
adsorption is attributed to the higher surface area of akaganite (Deliyanni et al., 
2003). The surface charge of iron oxide influences the amount of As to be 
adsorbed and the strength of the formed surface complex (Carabante et al., 2009). 
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However, adsorption on goethite can differ depending on how the goethite is 
prepared. This is because the different properties of goethite may come from the 
synthesis method in terms of particle size, shape, and surface area. This is 
dependent on the Fe(III):OH ratio, the speed of base titration of iron salt, 
neutralization temperature, and time for crystallization. One method of goethite 
synthesis involves the neutralization of ferric nitrate followed by aging between 
20 and 366 h leading to a goethite surface area in the range between 11 and 150 
m
2
/g. Another method, hydrolysis of ferric salts followed by membrane 
purification, and freeze drying can produce a goethite surface area up to 300 m
2
/g.     
 
2.4.2.3 Effect of ionic strength on AsV adsorption 
Ionic strength is found to have a significant impact on anion adsorption when 
involving weakly bonds to iron oxide, whereas there is little effect of I on anions 
when they are strongly bound to oxide surfaces. The weaker bonds occur as ion-
pair complexes and the stronger bonds are present as inner-sphere complexes. 
 
The effect of changes in I on As adsorption has been studied elsewhere (Hingston 
et al., 1971; Manning and Goldberg, 1996a). The effect of I on anion adsorption 
or partitioning is used to distinguish between inner-sphere and outer-sphere 
complexes. The ions that form outer-sphere complexes show I dependence.     
This means that the adsorption decreases as the I increases. The ions that form 
inner-sphere complexes show minor I dependence. Arsenate adsorption on iron 
oxides forms inner-sphere complexes via ligand exchange and shows minor I 
effect (Manning and Goldberg, 1996b). Arsenate forms inner-sphere surface 
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complexes on both amorphous Al and Fe oxides while As
III
 forms outer-sphere 
surface complexes (Goldberg and Johnston, 2001). 
 
The adsorption of monovalent electrolyte ions is normally found as outer-sphere 
surface complexes (Rietra et al., 2000; Rahnemaie et al., 2006). These complexes 
have been used for the explanation of high surface charge on metal oxides in 
surface complexation models (Rietra et al., 2000). There is no ligand linked 
between metal ions and reactive surface groups. The ions adsorb on the surface 
through electrostatic interactions (Rahnemaie et al., 2006). The possible reactions 
for modelling are (Rahnemaie et al., 2006) 
 
12/112/1 CFeOH)aq(CFeOH     
12/1
2
12/1 AFeOH)aq(AFeOH     
 
In which ‘…’ stands for the weak physical interaction between adsorbed ions and 
surface groups, and C
+1
 and A
-1
 are monovalent cations and anions. 
 
2.4.2.4 Effect of initial AsV concentration on AsV adsorption 
The initial amount of As
V
 can affect the amount of As
V
 adsorbed. This is because 
an increase in As
V
 will increase the availability of As
V
 at the interface. Arsenic 
adsorption on goethite increases with a rising concentration of oxyanions; 
however, it displays constant adsorption at high levels (Luengo et al., 2007). 
When the active surface sites are covered completely, the extent of adsorption 
reaches a limit resulting in adsorption site saturation (Lakshmipathiraj et al., 
2006).   
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Grossl et al. (1997) demonstrated that the goethite surface coverage can lead to 
different types of surface complexation. They demonstrated that mono-dentate 
complexes are formed when there is significantly low surface coverage, whereas 
bi-dentate surface complex can be found at high surface loadings. Linear 
adsorption normally occurs when there is a low concentration of solute and low 
loading on sorbent surface. 
 
The effect of the basal plane may reduce when the electrolyte concentration 
increases owing to the compression of electrical double layer on the basal plane. 
However, compression of the electrostatic potential near the edge of the surface 
may also decrease. 
 
2.4.2.5 Effect of competitive ion on AsV adsorption 
In the natural environment, there is a competition between organic compounds 
and other ions for reactive surface sites. The competitive sorption may increase or 
decrease the dissolution depending on surface complex type and bond strength. 
The oxyanion adsorption may lead to the inhibition of the dissolution of iron 
oxide. 
 
The adsorption of anions is favourable in the presence of potassium ions 
(Deliyanni et al., 2003). Calcium increases As adsorption, whereas phosphate and 
bicarbonate decrease As adsorption as a result of sorption site competition (Bauer 
and Blodau, 2006). 
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The pentavalent oxyanions, phosphate and As
V
 have a similar structure (Foster    
et al., 2005; Luengo et al., 2007) and chemical reaction (Luengo et al., 2007) and 
similar adsorption on solid surfaces (Hingston et al., 1971; Manning and 
Goldberg, 1996a; Manning and Goldberg, 1996b; Violante and Pigna, 2002) 
because they are in Group V of the periodic table. However they are different in 
many aspects in the environment. Phosphorus is a nutrient in water sources but As 
is toxic. Arsenate and phosphate have been shown to have the same chemical 
behaviour in soils, especially adsorption on Fe/Al oxide surfaces by forming 
inner-sphere complexes.  
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3. METHODOLOGY 
3.1. INTRODUCTION 
3.1.1 Instrumentation  
3.1.1.1 Inductively Coupled Plasma Atomic Emission Spectroscopy 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) is used 
on the basis of the energy emission of the excited electron while it returns to 
ground state at a given wavelength. The schematic diagram of ICP-AES is shown 
in Figure 3.1. The basic process is that the energy emitted by each element at 
specific wavelengths depends on its character. Although each element emits 
energy at various wavelengths, in ICP-AES it is normal to use one or a few 
wavelengths for a given element. The energy intensity emitted at a given 
wavelength is proportional to the element concentration in the analysed sample. 
By determining which wavelengths are emitted by a sample and determining their 
intensities the elemental composition relative to a reference standard can be 
quantified. 
 
At the end of each experiment, the samples were collected at desired time, filtered 
and solutions were acidified to a final concentration of 10 % HNO3. The clays 
were centrifuged for one hour before filtration. This was done in order to settle the 
clays and provide a supernatant for filtration. An aliquot of the starting sample 
was collected before the experiment to be used as initial As
V
 concentration for 
later calculations. A blank was always prepared using the same condition as for 
the sample in order to witness any contamination introduced during the 
experiment. All the standard solutions were prepared on the same day as the 
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analysis. The standard curve showed that the R
2
 was >0.9999 for all data analysis. 
The filtrates were analysed by ICP-AES Varian Vista-Pro (axial) at the Natural 
History Museum.  
 
Figure 3.1 Schematic diagram of ICP-AES 
 
3.1.1.2 Fourier Transform Infrared Spectroscopy 
Figure 3.2 demonstrates a schematic diagram of Fourier transform infrared 
spectroscopy (FTIR). During analysis by FTIR an infrared beam is absorbed at 
specific frequencies by certain bonds. The absorption is expressed as wavenumbers, 
the units of which are 1/cm and which are the reciprocals of wavelengths.          
The infrared spectrum is a curve showing absorption vs. wavenumber. The infrared 
region is in the range of 2.5 to 16 m which corresponds to 4000-625 1/cm.   
 
FTIR is used to identify the presence of minerals and their bonds with organic 
compounds. Hence, it can be used to reveal the adsorption mechanism operating 
by monitoring shifts in the bands and changes in intensities which imply that there 
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is a change in the functional groups on the mineral surface. These wavenumbers 
can be identified by comparing the bands before and after the adsorption reaction.  
 
The change in intensities and positions of FTIR absorption is used to investigate 
the interaction between As
V
, oil, and minerals (goethite, illite, montmorillonite, 
kaolinite, and chlorite). It is assumed that the difference of absorbance between 
the natural and oil-coated adsorbents before and after As
V
 adsorption relates to the 
interaction of As
V
 and oil on their surfaces. The natural goethite and clays, and the 
oil-coated goethite and clays before and after As
V
 adsorption under different 
conditions were prepared to compare the positions and intensities of FTIR bands. 
One milligram dry sample was mixed with 100 mg KBr, powdered, and pressed to 
form a KBr pellet and analysed using a Perkin-Elmer Spectrum One Infrared 
Spectrometer. The spectrum resolution and scan number were 8 1/cm and 16, 
respectively. Spectra were collected at a frequency of 200 to 4000 1/cm.  
 
 
Figure 3.2 Schematic diagram of FTIR 
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3.1.1.3 Zetasizer Nano instrument 
The zeta potential was measured as a function of pH and the point of zero 
charge was determined. The  analysis was performed using Zetasizer Nano 
instrument (Nano ZS, Red badge ZEN 3600). The measurement system is 
described in Figure 3.3. The goethite, clay, oil-coated goethite, and oil-coated 
clay samples were prepared in the absence and presence of As
V
 at 0.001 and 
0.7 M NaCl solutions. The  was measured after equilibrium (after 30 min) 
and after 3 d. 2.5 mg sample was added into the prepared 10 mL solution, 
obtaining a solid/solution ratio of 0.25. The solution was adjusted to a pH 
between 3 and 9 by adding 1 M HCl and NaOH. The solution was injected into 
the micro-electrophoresis cell using disposable syringes. The experiments in the 
absence and presence of As
V
 were tested by the same procedures. The solutions 
used for the absence of As
V
 were MQ water. The solutions in the presence of As
V
 
were tested at low (67 mol/L) and high (334 mol/L) concentration. In cases 
where the iso-electric point (IEP) of samples could not be obtained within this pH 
range, additional pH solutions were measured. The IEP value or pHPZC (pH at 
point of zero charge) is the pH value where  is equal to zero. The mean value 
was reported from three readings. Some samples were selected for repeat 
measurements to determine the reproducibility. The electrophoresis cell was 
entirely washed and rinsed at least three times with deionised water and with 
sample solution before measurements to avoid cross contamination. 
 
The  is used to study the charged surface by electrokinetic technique.              
The electrical potential is delineated as electrokinetic potential or  on the shear 
Chapter 3 
Page | 71 
 
plane of colloid particles which can be derived from electrokinetic measurements.      
On colloid particles, an electrical potential at the shear plane of the electrical 
double layer is the . It is considered that the shear plane is located between the 
stern layer and the diffuse layer. The  can be used to interprete the difference in 
adsorption with different I. However, the important factor that affects  and the 
electrical double layer is electrolyte concentration. 
 
The PZC and IEP are the same for most minerals if there is no specific adsorption. 
The measurement of  is performed at slipping plane when the movement of 
particle goes along with the liquid or aqueous solution, assumably, equal to the 
surface potential at the out Helmhotz plane. For phyllosilicates, the plane of 
measurement controls the IEP.  
 
The sheets of some clay minerals have neutral electrical charge and being held by 
weak van der Waals forces. The electrically neutral faces are formed by the 
crystal cleavage along these sheets. Lattice defects such as vacancies, substitution, 
and incongruent dissolution result in surface charges that are not dependent on pH 
(H
+
 and OH
-
 are not determinant ions). The edges, by contrast, have high polarity 
due to covalent or ionic bond rupture. Therefore,  at the edge surface is strongly 
dependent on pH. As a result clay minerals have several IEP values and 
appropriate techniques for pHPZC measurement are needed.  
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Figure 3.3  Schematic diagram of Zetasizer Nano instrument 
 
3.1.1.4 X-Ray diffraction 
In this study, the X-Ray diffraction (XRD) was used to verify the mineralogical 
composition. Figure 3.4 shows the schematic diagram of XRD measurement.   
The samples were ground before being side-packed into Philips cavity mounts 
where they were analysed using XRD. The instrument was a Philips PW1830 
using CuKα radiation and operating at 45 KV and 40 mA. The samples were 
scanned from 2.5-40 ˚2θ or 2.5-26 ˚2θ. The XRD showed that there were other 
minerals (quartz, mica, etc.) in illite, montmorillonite, and kaolinite. Goethite and 
chlorite were used without pre-treatment due to their purities. The purification of 
illite, montmorillonite, and kaolinite was done by separating the grain fractions to 
eliminate the impurities. Illite and montmorillonite were dispersed in distilled 
water and centrifuged at 200 rpm for two minutes to separate out grains less than 
10 m in diameter. Kaolinite was centrifuged at 1000 rpm for four minutes to 
separate out grains less than two micrometers in diameter. All clay minerals were 
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then dried at 60
 ˚C and ground. After these procedures, the samples were 
reanalysed by XRD scans in the same range.  
 
 
Figure 3.4 Schematic diagram of XRD  
 
3.1.1.5 Brunauer-Emmett-Teller Analyser  
The Brunauer-Emmett-Teller (BET) low temperature nitrogen method is widely 
used to determine specific surface area (SSA). The schematic diagram of BET 
analyser is established in Figure 3.5. The SSA can be measured by nitrogen 
adsorption on dry sorbent. Since nitrogen could not permeate pores less than an 
angstrom in diameter, the BET method gives only external surface area. The BET 
surface area measurement was performed by sorbing and desorbing nitrogen from 
the surface. The ethylene glycol monoethyl ether (EGME) method is used to 
measure external and interlayer surface areas of soils and clays. 
 
All the samples were ground where necessary before BET measurement. The clay 
minerals were packed together when dried after the purification process.          
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This could affect nitrogen adsorption during surface area measurement. Therefore 
grinding sample is necessary to make the sample homogeneous and then nitrogen 
could be adsorbed. The samples of about 100 mg were weighed and degassed 
overnight at 100 ˚C. After degassing, the samples were weighed again after 
cooling for about 20 min. The weight after degassing was used to calculate the 
SSA. Then SSA was determined by a Gemini Analyser (BET). All the samples 
were measured before and after coating with oil. The BET tubes were cleaned and 
dried before analysis.  
 
 
Figure 3.5 Schematic diagram of BET analyser 
 
3.1.2 Sample preparation 
3.1.2.1 Arsenate standard and working solutions 
The As
V
 stock solution of 1000 g/mL was prepared from reagent grade 
Na2HAsO4·7H2O (Sigma Aldrich). Solutions of 0.001 and 0.7 M NaCl were 
prepared at pH 4 and 8 by adding 1 M HCl and NaOH. The NaCl solution and the 
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As
V
 stock solution were used to prepare an As
V
 concentration series of 67, 134, 
200, 267, and 334 mol/L. Then, the pH of the solution was adjusted again to 4 
and 8. For kinetic experiments, 100 mL of each As
V
 solution was transferred to 
the 250 mL bottles. The desired amount of goethite and clay minerals was 
transferred to these bottles. For thermodynamic experiments, the amount of 
sample and the solution was decreased for reasons of economy but the same 
solid/liquid ratio is retained. Therefore, 10 mL of each As
V
 solution was 
transferred to 20 mL glass tubes containing adsorbents. Blank samples were 
prepared for all the experiments. The blank samples showed that As
V
 and oil 
adsorption on membrane filters, tubes, and bottle walls was negligible.  
 
3.1.2.2 Oil extraction  
The oil was extracted from an oil-stained section of Upper Jurassic sandstones at 
Osmington Mills, Dorset, UK (Watson et al., 2000). This oil was degraded in an oxic 
environment with mechanisms somewhat comparable to those operating in marine 
oil pollution events (Oros et al., 2007). Five grams of oil-stained sand was extracted 
using a solvent mixture (93:7 v/v dichloromethane/methanol). The sediment was 
soaked with solvent and sonicated for 25 min at room temperature. The extracted 
oil was centrifuged at 2500 rpm for 15 min and the supernatant transferred into a 
round bottom flask. This procedure was repeated five times. The solvent was 
evaporated to concentrate the oil under nitrogen gas and the oil was kept in a 
closed glass bottle for the future experiments. The same solvent was used to dilute 
the oil for the desired amount when needed. This solvent was dried after coating 
the sample and before adding As
V
 solution. As mentioned, the composition and 
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properties of oil used depend on the origin of the oil. The oil used in this study is 
probably different from that found in the GOT due to different geological origins. 
The amount of As
V
 in the oil used was not identified for this study. This is 
because this study is focused more on the interaction between As
V
 and oil on oil-
coated minerals.  
 
3.1.2.3 Goethite and oil-coated goethite  
Goethite was prepared using previously published methods (Schwertmann and 
Cornell, 2000). In brief, 180 mL of 5 M KOH was added to 100 mL of 1 M 
Fe(NO3)3. The solution was made up to 2 L in a polyethylene bottle with 
deionised water. The solution was heated in the oven at 70
 ˚C for 60 h.              
The goethite was centrifuged and thoroughly washed using MQ water.              
The precipitate was freeze dried and ground before being side-packed into Philips 
cavity mounts where it was identified as goethite by XRD.  
 
For As
V
 adsorption experiments, 100 mg goethite was weighed and added to each 
test solution. For the As-oil-goethite studies, goethite was initially coated with oil 
and left to dry for two to three hours to remove any residual solvent before the 
addition of the As
V
 solution. The effective oil:Fe weight ratios were 0.03 ± 0.005. 
The SSA of oil-coated goethite was 9.30 m
2
/g.  
 
3.1.2.4 Clay minerals and oil-coated clay minerals 
Illite (#36 from Morris, Illinois), kaolinite (#4 from O'Neal Pit, Macon, Georgia), 
montmorillonite (#24 from Otay, California), and chlorite (CCa-2, E1 from 
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Dorado County, California) were obtained from the Clay Mineral Society, USA. 
The samples were analysed and purified if needed before use as shown above.  
The oil-coated clay minerals were prepared by weighing the desired amount of oil 
(6.5 ± 0.5 or 65 ± 5.0 mg) in the pre-weighed glass tube and adding 1 mL of 
solvent mixture (93:7 v/v dichloromethane/methanol) into the glass tube 
containing oil. Then 200 mg of clay minerals was added into this tube. This 
mixture was homogenized in the sonicator for 15 min. The oil-coated clay 
minerals were left dry naturally before adsorption experiments.  
 
3.1.3 Adsorption experiment  
The adsorption experiments were performed using 250 mL high-density polyethylene 
(HDPE) bottles (As-adsorbent system) and 150 mL glass bottles (As-oil-adsorbent 
system). The As
V
 concentrations ranged between 67 and 334 mol/L, typical for 
wastewaters produced on oil and gas rigs. The pH was adjusted to 4 and 8 before the 
addition of the As
V
 solution and final pH values were recorded. The adsorbents used 
were both natural and oil-coated (prepared as indicated above). These glass tubes 
were placed in a temperature-controlled shaker. The experiments were performed 
under ambient conditions at 5, 25, 35, 45, and 55 ˚C. The experiments under 25, 35, 
45, and 55 ˚C were performed in shaker whereas the experiments at 5 ˚C were 
performed in the cold room temperature for the whole period. The temperature levels 
performed cover all those found in the marine environment in the GOT. The pH of 4 
and 8 is used to identify the influence of surface charge on the adsorption. Solutions 
of 0.001 and 0.7 M NaCl were prepared to simulate freshwater and marine conditions 
and used for the assessment of the inner-sphere or outer-sphere complexes.      
Chapter 3 
Page | 78 
 
3.1.3.1 Kinetic experiment 
All the adsorption experiments were carried out in batch systems.                  
Initial experiments to determine the equilibrium time were performed using        
an As
V
 concentration of 334 mol/L. In the kinetic experiments, a sample of 
approximately three millilitres was collected at five minutes and then every        
15 min. The supernatant was filtered through 0.2 m syringe filters (hydrophilic 
cellulose acetate membrane). Regarding clay samples, the samples were 
centrifuged at 2000 rpm for one hour to settle down the clay minerals before 
filtration. These filtrate samples were acidified to a final concentration of 10 % 
HNO3 and analysed for As
V
 by ICP-AES using a Varian Vista-Pro (axial) 
spectrometer. The results from kinetic experiments showed that equilibrium was 
reached between 4 and 24 h, depending on the adsorbents. Then, the 
thermodynamic experiments were carried out by following all the same procedures 
but collecting only one sample after equilibrium at 24 h. All adsorption 
experiments were carried out in triplicate. The concentration of adsorbed As
V
 onto 
adsorbent was calculated from the difference between As
V
 in solution before and 
after the experiments. 
 
The adsorbed concentration of As
V
 onto adsorbents was calculated from the 
difference between As
V
 concentration at the initial stage and its concentration at 
the desired time step by using the following equation  
 
1
10
C
CC
eq

     (3.1) 
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, where qe is the adsorbed concentration of As
V
 (mol/g) on an adsorbent at 
equilibrium, C0 is the initial concentration of As
V
 (mol/L), and C1 is the 
concentration of As
V
 (mol/L) at each time step. 
 
The rate prediction where adsorption occurs is the most significant factor in 
adsorption system design. The residence time of adsorbate and reactor 
dimensions are controlled by the kinetic systems. Many kinetic models have 
been proposed for the investigation of adsorption mechanisms. These are first 
order and second order reversible, and first order and second order irreversible, 
pseudo first order and pseudo second order which are based on the concentration 
of the solution. The term ‘pseudo’ is used when there is one reactant present in a 
large excess and it is hardly changed or could be treated as constant during 
adsorption. 
 
The adsorption kinetics were studied in more detail. The pseudo first and pseudo 
second order models were applied to the experimental data. Both of these rate 
equations have been successfully applied to describe the rate of adsorption of 
pollutants from aqueous solutions onto adsorbents (Ho, 2006). 
 
The integrated form of the pseudo first order rate equation is given as: 
 
t
2.303
k
elogq)tqelog(q
1   (3.2) 
 
Chapter 3 
Page | 80 
 
, where qt is the adsorbed concentration of As
V
 (mol/g) on an adsorbent at time    
t (min) and k1 is the pseudo first order rate constant (1/min). The k1 can be defined 
from the plot between log(qe-qt) and t. 
 
For pseudo second order rate equation (Ho, 2006), a linear form of normal second 
order rate equation is  
 
0
2 C
1
tk
eC
1
     (3.3) 
 
, where Ce is the concentration of As
V
 (mol/L) at equilibrium and k2 is the second 
order rate constant (L/mol min). 
 
The second order reaction rate may depend on the amount of ions on surface and 
those ions adsorbed at equilibrium  
 
t
eq
1
eqk
1
tq
t
2
2
     (3.4) 
 
The reaction rate is determined as the alteration of a reactant or product 
concentration per unit time. The reaction order and rate constant have to be 
defined by the experiments. 
 
The rate constant of pseudo second order model can be defined from experiments 
by graph between t/qt vs. t. A variety of factors that impact on the adsorption 
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capacity are initial adsorbate concentration, temperature, solution pH, particle 
size, dose of the adsorbent, and solute nature. The application of the pseudo 
second order has been used for the adsorption of metal ions, dyes, herbicides, oil, 
and organic substances from solutions. 
 
In a lot of cases, the equilibrium adsorption capacity is not easy to be found and the 
chemisorption is unlikely to be measurable and the amount adsorbed is importantly 
less than the equilibrium or takes longer time to be achieved. However, the 
advantage of the pseudo second order equation is that the adsorption capacity, the 
rate constant, and initial adsorption rate can be defined from the equation. 
 
A second order rate equation is useful for determination of the chemisorption for 
ion exchange reactions. This equation is used to explain chemisorption relating to 
valency forces via the sharing or exchange of electrons between the adsorbent and 
adsorbate like covalent bond and ion exchange (Ho, 2006).   
 
3.1.3.2 Thermodynamic experiment  
Experiments to determine the reaction orders and rates were carried out with 
initial As
V
 concentration ([As
V
]0) ranging between 67 and 334 µmol As/L and 
sampling intervals of 15 min. The isotherm experiments were performed by 
collecting samples of different As
V
 concentration after equilibrium was reached. 
At the desired time, samples of approximately three millilitres were collected and 
filtered through 0.2 m syringe filters (hydrophilic cellulose acetate membrane). 
These samples were acidified to a final concentration of 10 % HNO3. The filtrates 
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were analysed by ICP-AES Varian Vista-Pro (axial). The Langmuir and 
Freundlich models were used to assess empirically the adsorption isotherms and 
quantify the adsorption capacity (Limousin et al., 2007).  
 
3.1.3.3 Thermodynamic parameters  
The results from the experiments performed at five different temperatures were 
used to calculate the thermodynamic parameters from the following equations  
 




















V
m
eqC
V
m
eq
ads
K
0
   (3.5) 
     
, where Kads is the adsorption coefficient (dimensionless), m is mass of As
V
 (g),    
and V is volume of As
V
 solution (L). 
 
RT
H
-
R
S
Kln adsradsrads

    (3.6) 
 
, where R is gas constant (8.31451 J/mol/K) and T is absolute temperature (K). 
 
The enthalpy (rHads) is a measure of energy (Unuabonah et al., 2008) that As
V
 
has to react and adsorb onto mineral surface. The entropy (rSads) is related to 
binding or repulsive forces and to the spatial arrangement of the adsorption 
complexes on the mineral surface and in solution (Beristain et al., 1996). The rHads 
(kJ/mol) and rSads (J/mol/K) are derived from the slope and intercept of Van’t 
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Hoff plots of ln Kads and 1/T (1/K). The reaction Gibbs free energy (rGads) 
(kJ/mol) could be calculated from the following equation 
 
adsradsradsr ST-H G     (3.7) 
 
3.1.3.4 Activation energy  
The reaction rate is non-linear increase with increasing temperature for most 
reactions and follows the equation  
 
RT
-Ea
Ae k       (3.8) 
 
, where Ea is activation energy (kJ/mol), k is pseudo rate constant, and A is the 
frequency or pre-exponential factor. The A involves with the collision frequency 
and the collision probability that favour the reaction. The Ea is obtained by 
plotting ln k against 1/T (1/K) (Scheckel and Sparks, 2001).  
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4. ARSENATE OIL INTERACTION ON GOETHITE 
4.1. INTRODUCTION 
Water is generated during the production of petroleum and natural gas. In the case 
of offshore production, such water is discharged to the body of natural water 
surrounding the production platforms (Enwere et al., 2007). The wastewater can 
contain relatively high levels of toxic elements such as arsenic (As, up to 1000 
µg/mL) along with varying concentrations of dissolved and dispersed 
hydrocarbons (above 40 µg/mL and up to 15 wt. %) and mineral particles 
(Frankiewicz and Gerlach, 2000). These mineral particles are commonly covered 
with oil. Governmental regulations worldwide seek to reduce the levels of these 
contaminating materials in discharged wastewater from oil platforms (Riazi and 
Roomi, 2008). For instance, in the Gulf of Thailand (GOT), the maximum 
concentration of As allowed is 100 ng/mL (Frankiewicz and Gerlach, 2000).   
 
Arsenic is a toxic element that warrants special concern owing to its carcinogenic 
properties and its high relative abundance alongside other toxic elements such as 
Hg, Pb, and Cd etc. (Deocadiz et al., 1999). Arsenic in natural water occurs 
primarily as arsenate (As
V
) and to a lesser extent as arsenite (As
III
) (Smedley and 
Kinniburgh, 2002). Its fate during and after the release of wastewater into natural 
water is controlled by, amongst other processes, its interactions with mineral 
surface (Smedley and Kinniburgh, 2002). One of the master variables controlling 
adsorption is pH. In general, As
V
 adsorption onto minerals, e.g., onto amorphous 
Fe oxides, is increased at lower pH (Dixit and Hering, 2003). 
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Crude oil comprises a wide spectrum of compounds ranging from low to high 
molecular weights. These include aliphatic and aromatic hydrocarbons and a 
variety of asphaltenes, resins and waxes (Cosultchi et al., 2004). Organic 
compounds from oil spills are exposed in the aquatic environment to 
biogeochemical processes that affect their subsequent fate (Oros et al., 2007). 
Correlations between surface area and organic content have been observed in 
marine sediments reflecting the adsorption of organic compounds on mineral 
surface (Mayer, 1994). Hence mineral interactions are obvious mechanisms that 
affect the fate of water-borne oil. Oil adsorption is dominated by polar molecules 
and polymers (Site, 2001). The carboxyl functional groups of low molecular 
weight organic acids promote inner-sphere complexation and this type of binding 
increases at low pH owing to protonation (Yoon et al., 2005). Macromolecular 
organic matter, by contrast, is characterised by outer-sphere adsorption with 
minimal inner-sphere interaction although proportions of the latter do become 
greater at lower pH (Yoon et al., 2004). Effective sorption of hydrocarbons on 
oxides has been demonstrated in artificial seawater (Shen and Jaffe, 2000). 
Interaction between non-polar hydrophobic polycyclic aromatic hydrocarbons 
(PAHs) and the positive surface charge of iron oxide surfaces is induced by 
dipole-dipole effects (Tunega et al., 2009) and the arrangement of the hydroxyl 
anion groups (OH
-
) affects PAH orientation on the surface.  
 
Organic coating on mineral surface exhibits a strong control on As
V
 adsorption 
because it alters surface charge (Tipping and Cooke, 1982; Mohapatra et al., 
2006a). While increased As
V
 adsorption is observed on kaolinite in the presence 
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of humic acids (Cornu et al., 1999), significant competition between dissolved 
organic carbon and As
V
 for surface sites seems to lead to reduced adsorption on 
oxides (Grafe et al., 2001; Redman et al., 2002). Natural organic matter can also 
delay the attainment of the adsorption equilibrium (Redman et al., 2002).  
 
While a number of independent studies have been completed on the variables 
controlling As
V
 or organic adsorption on mineral surface (Site, 2001; Smedley 
and Kinniburgh, 2002), there are no studies investigating the effect of crude oil 
coating on the adsorption of As
V
 on iron oxides. Crude oil has a very different 
chemical composition to the types of organic matter studied previously.            
The paucity of studies on As
V
, oil, and iron oxide minerals is surprising given 
their common coexistence in the wastewater generated by offshore oil processing 
and the importance of the latter process in the petroleum industry. 
 
Batch experiments were conducted in the laboratory using different experimental 
settings at low and high pH and ionic strengths (I) to simulate different aqueous 
environments, i.e., freshwater and marine bodies. FTIR spectra and zeta potential 
() measurements were used to constrain the adsorption mechanisms involved.     
It is hypothesized that the principle effects of oil are the occupation of adsorption 
sites for the As
V
, the direct interaction between As
V
, and oil and the lowering of 
the mineral surface charge. 
 
The literature reveals that much research has been done on As
V
 adsorption on 
goethite and other mineral oxides, especially the examination of the competitive 
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behaviour between As
V
 and phosphate whose adsorption characteristics on 
mineral oxides appear similar. Much work has also emphasized the adsorption of 
As
V
 on iron (III) oxides due to their high adsorption affinity. There has been less 
research, however, on the adsorption of As
V
 on minerals under marine condition 
and adsorption of As
V
 in the presence of oil has not been investigated. This study 
was performed to assess the impact of oil on As
V
 adsorption on goethite at 
different I and pH. Goethite is intensively used for adsorption experiments 
because it is the crystalline iron oxide normally found in soils and sediments.   
The results from these experiments will be useful for predicting the contamination 
of As in the environment following the leakage of oil and water during the 
decommissioning of petroleum platforms in the GOT.  
 
4.2. AIM AND OBJECTIVES   
The aim is to investigate the suggested impact of petroleum platform 
decommissioning in case there is oil leak during the process of removal.          
This experiment was designed to assess As
V
 adsorption on goethite in the absence 
and presence of oil under varying pH and I. The objectives of this work are to: 
1. Understand AsV adsorption on goethite under low and high pH and I 
and to compare results with previous studies.  
2. Document AsV adsorption on goethite in the presence of oil under low 
and high pH and I 
3. Compare the effect of oil on AsV adsorption on goethite under low and 
high pH and I by using isotherms and maximum adsorption capacity (Qmax) 
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4. Determine the type of AsV adsorption on goethite by looking at the 
effect of I on its adsorption  
 
4.3. RESULTS AND DISCUSSION 
4.3.1 Adsorption kinetics   
Figure 4.1 shows the time required until the adsorption equilibrium of As
V
 with 
goethite is reached in the As
V
-goethite and As
V
-oil-goethite systems at: (a) 0.001 M 
and pH 4, (b) 0.001 M and pH 8, (c) 0.7 M and pH 4, and (d) 0.7 M and pH 8.     
In the As
V
-goethite system, the adsorption is fast and equilibrium is achieved 
within 180 min with insignificant adsorption thereafter. This time period agrees 
with kinetic studies of As
V
 adsorption on iron oxides (Fuller et al., 1993; O'Reilly 
et al., 2001). In the presence of oil, the adsorption of As
V
 is achieved within the 
same time, suggesting that the oil coverage does not affect the time needed for the 
As
V
 molecules to access the adsorption sites. This observation differs from the 
effect that natural organic matter (NOM) has on As
V
 adsorption equilibrium time, 
where an increase of approximately three times (from 6 to 20 h) is observed 
(Redman et al., 2002). 
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Figure 4.1 Arsenate adsorption on goethite at 25 ˚C at: (a) I = 0.001 M, pH 4; (b) I = 0.001 M, pH 
8; (c) I = 0.7 M, pH 4; and (d) I = 0.7 M, pH 8 in the absence (- oil, ) and presence (+ oil,  ) 
of 3 % and 12 % oil content. Equilibrium is reached within 180 min. Error bars represent ± 1SD, 
determined from triplicate analyses and plot within the symbols. 
 
Consequently, the adsorption kinetics were studied in more detail for the As
V
-
goethite system. Pseudo first and pseudo second order models were applied to the 
experimental data. Both have been successfully applied to describe the rate of 
adsorption of pollutants from aqueous solutions onto adsorbents (Ho, 2006).     
The integrated form of the pseudo first order rate equation is given as: 
 
t
2.303
k
logq)qlog(q 1ete    (4.1) 
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, where qe and qt are the adsorbed concentration of As
V
 (mol/g) on an adsorbent 
at equilibrium and at time t (min), respectively, and k1 is the pseudo first order rate 
constant (1/min).  
 
The integrated form of the pseudo second order rate equation is given as: 
 
t
q
1
qk
1
q
t
e
2
e2t
     (4.2) 
 
, where k2 is the pseudo second order rate constant (g/µmol/min) deriving from the 
graph plot between
tq
t
against t.  
 
Table 4.1 shows the linear fits of the integrated forms for the two kinetic models 
at different initial concentrations and the calculated and experimental parameters. 
Although the correlation coefficients for the pseudo first order kinetic model 
obtained for some concentrations are high, the calculated qe values (qe,cal) do not 
give reasonable values. For example, at 0.7 M, pH 4 and [As
V
]0 of 134 µmol/L, 
qe,cal for the pseudo first order kinetic model is 49.7 µmol As/g but the 
experimental qe value (qe,exp) is 70.7 µmol As/g. In contrast, the correlation 
coefficients for the pseudo second order kinetic model are in general greater than 
0.97 (Figure 4.2 and Table 4.1) and qe,cal values agree well with qe,exp (Table 4.1). 
A pseudo second order kinetic model was observed for As
V
 adsorption onto iron 
oxide coated sand (Thirunavukkarasu et al., 2003), phosphorous adsorption on 
calcined alunite (Ozacar, 2003) and many other anionic, cationic or organic 
adsorptions on mineral surface (Ho, 2006). 
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Figure 4.2 Plots of the pseudo second order adsorption kinetics of As
V
 on goethite at different 
initial As
V
 concentrations ([As
V
]0): 67 (), 134 (), 200 (), 267 (), and 334 () µmol As/L 
for all four experimental conditions: (a) I = 0.001 M, pH 4; (b) I = 0.001 M, pH 8; (c) I = 0.7 M, 
pH 4; and (d) I = 0.7 M, pH 8. Error bars represent ± 1SD, determined from triplicate analyses.           
The slopes and intercepts are used to calculate the rate constants and qe (Table 4.1). 
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Table 4.1 Pseudo first (k1) and pseudo second (k2) order rate constants and experimental (qe,exp) and calculated (qe,cal) 
amount of adsorbed As
V
 on goethite under the four different experimental conditions: I = 0.7 M, pH 4; I = 0.001 M, 
pH 4; I = 0.7 M, pH 8; and I = 0.001 M, pH 8. 
Conditions 
[As
V
]0 
(µmol/L) 
qe,exp 
(µmol/g) 
Pseudo first order kinetic 
model 
 
Pseudo second order kinetic 
model 
k1 
(1/min) 
qe,cal 
(µmol/g) 
R
2
 
k2 
(g/µmol/min) 
qe,cal 
(µmol/g) 
R
2
 
0.7 M 
pH 4 
66.7 49.5 1.80 x 10
-2
 35.3 0.949 
 
9.49 x 10
-4
 53.8 0.991 
133.5 70.7 1.70 x 10
-2
 49.7 0.959 6.51 x 10
-4
 78.1 0.992 
200.2 77.4 2.05 x 10
-2
 46.0 0.920 8.32 x 10
-4
 84.0 0.992 
266.9 80.0 2.21 x 10
-2
 36.5 0.844 15.52 x 10
-4
 82.0 0.997 
333.7 89.5 2.99 x 10
-2
 44.9 0.956 14.81 x 10
-4
 92.6 0.999 
0.001 M 
pH 4 
66.7 50.6 2.56 x 10
-2
 15.0 0.936 46.00 x 10
-4
 51.3 0.999 
133.5 57.2 2.56 x 10
-2
 18.5 0.787 35.21 x 10
-4
 58.5 0.997 
200.2 57.9 1.11 x 10
-2
 13.7 0.289 26.42 x 10
-4
 60.2 0.996 
266.9 60.0 0.69 x 10
-2
 15.6 0.278 17.02 x 10
-4
 56.2 0.955 
333.7 67.3 2.30 x 10
-2
 22.3 0.449 20.26 x 10
-4
 68.0 0.983 
0.7 M 
pH 8 
66.7 44.6 1.75 x 10
-2
 35.5 0.981 8.07 x 10
-4
 51.0 0.994 
133.5 52.7 1.73 x 10
-2
 40.2 0.945 7.22 x 10
-4
 59.2 0.987 
200.2 56.1 2.33 x 10
-2
 46.9 0.942 7.74 x 10
-4
 63.7 0.972 
266.9 56.5 2.17 x 10
-2
 35.8 0.568 7.01 x 10
-4
 56.5 0.973 
333.7 59.2 2.21 x 10
-2
 50.4 0.869 8.89 x 10
-4
 55.9 0.980 
0.001 M 
pH 8 
66.7 27.0 1.57 x 10
-2
 16.0 0.953 22.43 x 10
-4
 28.0 0.993 
133.5 27.9 1.45 x 10
-2
 15.3 0.925 22.38 x 10
-4
 28.8 0.988 
200.2 28.1 0.69 x 10
-2
 9.1 0.284 44.20 x 10
-4
 28.7 0.991 
266.9 30.2 0.55 x 10
-2
 14.4 0.315 13.01 x 10
-4
 26.7 0.859 
333.7 34.1 1.61 x 10
-2
 11.7 0.388 52.28 x 10
-4
 33.6 0.934 
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4.3.2 Effect of oil on adsorption isotherms 
Table 4.2 gives the experimentally determined parameters for the Langmuir and 
Freundlich models in the As
V
-goethite and in the As
V
-oil-goethite systems under 
different experimental conditions (i.e., varying pH and I). In the As
V
-goethite 
system, the Qmax at pH 4 is 67.1 µmol As/g at 0.001 M and 97.1 µmol As/g at    
0.7 M. At pH 8, Qmax is 33.6 µmol As/g at 0.001 M and 55.6 µmol As/g at 0.7 M. 
These adsorption capacities agree well with previously published values 
(Hristovski et al., 2007; Jeong et al., 2007; Mohan and Pittman, 2007).              
The experimental adsorption data are best described with the Langmuir model          
(R
2
 >0.98; n = 5) for all experimental conditions. In the As
V
-oil-goethite system, 
the adsorption of As
V
 is equally best described with the Langmuir model           
(R
2
 >0.82; n = 5) for all experimental conditions, with the exception of 0.001 M, 
pH 8 (R
2
 = 0.66; n = 5), which also shows the lowest adsorption. The Qmax of As
V
, 
however, is significantly reduced in the As
V
-oil-goethite system as seen also in 
Figures 4.1 and 4.3, with Qmax ranging between 30.5 µmol As/g and 39.8 µmol As/g 
at pH 4 and 15.6 µmol As/g and 16.0 µmol As/g at pH 8. 
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Table 4.2 Langmuir and Freundlich constants for the As
V
 adsorption isotherms on goethite in the absence and presence of oil at 25 ± 1
 ˚C under the 
four different experimental settings: I = 0.7 M, pH 4; I = 0.001 M, pH 4; I = 0.7 M, pH 8; and I = 0.001 M, pH 8. Errors represent ± 1SD determined 
from triplicate analyses. 
Minerals-As
V
 system 
/conditions 
Langmuir  Freundlich 
1/Qmax 
Qmax  
(µmol/g) 
b (L/g) R
2
  log Kf Kf (L/g) 1/n R
2
 
As-goethite 0.7 M, pH 4 0.0103 ± 0.0002 97.1 ± 2.0 0.051 ± 0.003 0.997  1.48 ± 0.02 4.38 ± 0.11 0.205 ± 0.008 0.997 
0.001 M, pH 4 0.015 ± 0.001 67.1 ± 5.6 0.074 ± 0.006 0.986  1.60 ± 0.02 4.94 ± 0.12 0.084 ± 0.025 0.834 
0.7 M, pH 8 0.019 ± 0.002 55.6 ± 6.6 0.226 ± 0.189 0.995  1.56 ± 0.07 4.76 ± 0.36 0.101 ± 0.046 0.840 
0.001 M, pH 8 0.030 ± 0.006 33.6 ± 8.6 0.072 ± 0.047 0.983  1.28 ± 0.11 3.60 ± 0.39 0.085 ± 0.075 0.629 
As-oil-goethite 
 
0.7 M, pH 4 0.025 ± 0.001 39.8 ± 2.4 0.013 ± 0.002 0.823  0.55 ± 0.03 1.74 ± 0.05 0.391 ± 0.009 0.791 
0.001 M, pH 4 0.033 ± 0.004 30.5 ± 3.7 0.011 ± 0.004 0.936  0.47 ± 0.11 1.60 ± 0.17 0.366 ± 0.050 0.907 
0.7 M, pH 8 0.063 ± 0.013 16.0 ± 3.6 0.128 ± 0.058 0.879  1.01 ± 0.19 2.73 ± 0.53 0.113 ± 0.087 0.134 
0.001 M, pH 8 0.064 ± 0.018 15.6 ± 4.2 0.010 ± 0.003 0.656  0.20 ± 0.04 1.04 ± 0.25 0.430 ± 0.189 0.614 
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4.3.3 pH changes during the adsorption process 
As seen in Table 4.2 and Figure 4.3, Qmax is higher at pH 4 than pH 8 in the    
As
V
-oil-goethite system. This suggests that As
V
 adsorption is still largely being 
controlled by the charge of the goethite surface as observed for the As
V
-goethite 
system (Xu et al., 1988; Manning and Goldberg, 1996; O'Reilly et al., 2001; 
Mohapatra et al., 2006b). Theoretical work suggests that at low pH, the adsorption 
of As
V
 is dominantly as a bi-dentate species (Fe2O2AsO2 and Fe2O2AsOOH) and 
at higher pH as a mono-dentate entity (FeOAsO3) (Hiemstra and Riemsdijk, 
1999). Experimental work, however, found also evidence of significant existence 
of bi-dentate complexes at higher pH (>8) and an effect of As
V
 loading on the 
type of sorption complex (Waychunas et al., 1993; Waychunas et al., 1995). In the 
bi-dentate species, the negative charge is located closer to the surface than in the 
mono-dentate species because the bi-dentate species has two common ligands, 
while the mono-dentate species has only one common ligand with the surface 
(Hiemstra and Riemsdijk, 1999).  
 
The pH decreases after As
V
 adsorption in the As
V
-oil-goethite system (Table 4.3) 
but increases in the As
V
-goethite system. The pH increase in the As
V
-goethite 
system likely relates to the release of OH
-
 from the goethite surface from ligand 
exchange during the As
V
 adsorption and the formation of an inner-sphere 
complex: 
 

S OH H2AsO4

  

S H2AsO4 OH

 (4.3) 
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This observation is in line (i) with batch experiments that evaluated H
+
/OH
-
 
release during the adsorption of As
V
 on ferrihydrite at pH between 4 and 10 and 
found that OH
-
 is released at pH 4.6 and 9.2 (Jain et al., 1999) and (ii) with 
evidence from various spectroscopic techniques (Goldberg and Johnston, 2001; 
O'Reilly et al., 2001). There is no data on the evaluation of H
+
/OH
-
 release during 
the adsorption of As
V
 on goethite available recently. 
 
Table 4.3 Initial and final pH of the As
V
-goethite and As
V
-oil-goethite systems. (-) and (+) 
indicate the absence and presence of oil in the experimental systems, respectively. The error      
(SD) is ± 0.1 unit, determined from replicate pH determinations. 
NaCl (M) Oil Initial pH pH after equilibrium 
0.7 + 4 3.9 
- 4 4.4 
+ 8 8.0 
- 8 8.6 
0.001 
 
+ 4 3.5 
- 4 4.4 
+ 8 7.8 
- 8 8.6 
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Figure 4.3 Langmuir equilibrium isotherm plots of As
V
 adsorption on goethite in the absence       
(- oil, ) and presence (+ oil, ) of oil under the four experimental conditions: (a) I = 0.001 M,  
pH 4; (b) I = 0.001 M, pH 8; (c) I = 0.7 M, pH 4; and (d) I = 0.7 M, pH 8. The slope is equal to 
1/Qmax and the intercept is equal to 1/Qmaxb. As:Fe molar ratios were ranging between 0.006 and 
0.03. Goethite concentration was 0.63 g Fe/L. Error bars represent ± 1SD, determined from 
triplicate analyses. See Table 4.2 for calculated values. 
 
4.3.4 Effect of ionic strength in the AsV-oil-goethite system 
Figure 4.3 shows that the degree of As
V
 adsorption onto oil-coated goethite is 
larger at higher I. The large error bar found in oil-coated goethite (panel (b)) is 
due to the fact that one value out of triplicate is different from the rest.             
This observation is in line with experimental work showing increased As
V
 
adsorption onto akaganite (-FeOOH) with increasing concentration of KNO3 
(Deliyanni et al., 2003), an effect attributed to the positive charge of K
+
 favouring 
As
V
 adsorption. Higher electrolyte concentrations decrease the electrostatic 
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repulsion between the surface and As
V
 (Rietra et al., 2000). This is explained with 
the alteration of the electrical potential and the disposition of ions close to the 
surface (Barrow et al., 1980). 
 
4.3.5 Changes in mineral surface properties - surface area, surface 
charge, and pHPZC 
Coating the goethite with oil reduces the surface area by approximately four times 
from 35.4 ± 0.2 to 9.3 ± 0.1 m
2
/g. The highest adsorption of As
V
 is found at high I and 
low pH. The normalization of the amount of As
V
 with respect to surface area also 
shows the same trend, the adsorption is the highest at high I and low pH for both 
natural and oil-coated goethite. While the amount of As
V
 adsorbed is also smaller 
(Figure 4.4), the reduction is not proportional, suggesting that other processes are 
important. The  measurements suggest that the oil coating reduces the surface charge 
and thus the pHPZC (Figure 4.5, panels (a) and (b)). The pHPZC shifts from 9.8 to 3.8 at 
0.001 M and to 2.8 at 0.7 M. The surface charge decreases by about 40 mV at low I 
and 20 mV at high I (Figure 4.5, panels (a) and (b)). This observation is compliant 
with a previously published study, which found that organic matter adsorbed on 
mineral surface decreases the positive surface charge as a result of deprotonation of 
functional groups (Xu et al., 1988). Similar effects with respect to surface charge and 
pHPZC were observed in the study if only As
V
 was added to natural goethite      
(Figure 4.5, panels (c) and (d)). Changing As
V
 concentrations did not have a great 
effect. When As
V
 was added to oil-coated goethite, the pHPZC and the surface charge 
were lowered at the same time (Figure 4.5, panels (e) and (f)), combining essentially 
the effects of the oil and the As
V
 on the goethite surface charge. 
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Figure 4.4 Arsenate adsorption on natural goethite (open symbols) and on oil-coated goethite 
(close symbols) vs. surface area under the four experimental conditions: I = 0.7 M, pH 4 
(diamond); 0.001 M, pH 4 (square); 0.7 M, pH 8 (triangle); and 0.001 M, pH 8 (circle). 
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Figure 4.5 The zeta potential () of natural and oil-coated goethite surfaces in the absence and 
presence of As
V
 concentrations of 67 and 334 µmol/L: (a) goethite () and oil-coated goethite () 
in the absence of As
V
 at 0.001 M, (b) goethite () and oil-coated goethite () in the absence of 
As
V
 at 0.7 M, (c) goethite in the absence () and presence of 67 () and 334 () µmol/L at 
0.001 M, (d) goethite in the absence () and presence of 67 () and 334 () µmol/L at 0.7 M, 
(e) oil-coated goethite in the absence () and presence of 67 () and 334 () µmol/L at 0.001 M, 
and (f) oil-coated goethite in the absence () and presence of 67 () and 334 () µmol/L at 0.7 M. 
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4.3.6 FTIR spectra of the AsV-goethite and AsV-oil-goethite systems 
Figure 4.6 displays the FTIR spectra of oil in the frequency range between 500 
and 4000 1/cm. Absorbances at 2953, 2924, 2870, and 2854 1/cm are attributed to 
a stretching vibration of asymmetric -CH3, asymmetric -CH2-, symmetric -CH3, 
and symmetric -CH2- functional groups, respectively. The band at 1710 1/cm is 
attributed to the stretching of -C=O functional group, while the band around 1600 
1/cm is attributed to aromatic C-C functional group. The bands at 1458 and 1378 
1/cm are assigned to the deformation vibration of -CH2- and -CH3 functional 
groups. 
 
The FTIR spectra of oil-coated goethite only and oil-coated goethite after As
V
 
adsorption at low and high pH and I are shown in Figure 4.7, panels (a) to (d).     
The oil has four bands at 1710, 1600, 1458, and 1378 1/cm assigned for -C=O,        
aromatic C-C, -CH2-, and -CH3 functional groups, respectively. The adsorption of 
As
V
 decreases the 1710 1/cm band intensity under all conditions, i.e., at low and high 
pH and I, without significant change in the band position. This suggests an interaction 
between the As
V
 and the -C=O functional group of the oil, causing a modification of 
the oil complex on the goethite surface. As a result, this leads to the decrease in the 
vibration of -C=O functional group. This is best shown in the equation 
 
 

S OH RCO H2AsO4

  

S O RCOHAsO 3
 H2O  (4.4) 
 
The broad band between 3100 and 3500 1/cm is due to the OH
-
 functional group 
and H2O of the goethite surface (Zhang et al., 2008). After the As
V
 is adsorbed, 
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the OH
-
 peak does not shift (Figure 4.7). There is a peak, however, detectable 
within this broad band between 3200 and 3500 1/cm in the goethite-H2O (spectra 2, 
Figure 4.7), goethite-As
V
-H2O system (spectra 3, Figure 4.7), and oil-coated 
goethite-As
V
-H2O system (spectra 5, Figure 4.7) suggesting that the peak may 
come from the H2O. When the oil is coated onto goethite with no H2O involved 
during the coating process, the peak between 3200 and 3500 1/cm disappears 
(spectra 4, Figure 4.7). The spectra of oil-coated goethite before and after As
V
 
adsorption (Figure 4.7) show no shift or change in intensities of the bands at 2953, 
2924, 2870, and 2854 1/cm assigned to -CH3 and -CH2- functional groups.      
This suggests that there is no interaction between As
V
 and -CH2-, and -CH3 
functional groups in the oil coating. At high I (panels (c) and (d)), the intensity of 
the band at 1800 1/cm is slightly decreased and the position of the band at 1680 
1/cm is shift to higher wavenumber (spectra 2, 3, and 5, Figure 4.7) after As
V
 
adsorption. This is probably caused by the presence of high NaCl in the system 
but there is no microscopic data to support this evidence. However, there is no oil 
band presence in those areas so the change in peak position and intensity is not 
focused but it is emphasized more on the interaction between As
V
 and oil which is 
found in other areas instead. 
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Figure 4.6 FTIR spectra of oil at frequency between 500 and 4000 1/cm. Four peaks at 2953, 
2924, 2870, and 2854 1/cm are attributed to a stretching vibration of asymmetric -CH3, 
asymmetric -CH2-, symmetric -CH3, and symmetric -CH2- functional groups, respectively. 
Four bands at 1710, 1600, 1458, and 1378 1/cm are assigned for -C=O, aromatic C-C, -CH2-, and  
-CH3 functional groups.  
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Figure 4.7 FTIR spectra of natural and oil-coated goethite in the absence and presence of As
V
 at 
frequency between 1300 and 1900 1/cm
 
(LHS)
 
and between 2600 and 3600 1/cm
 
(RHS) for all 
four experimental conditions: (a) 0.001 M, pH 4; (b) 0.001 M, pH 8; (c) 0.7 M, pH 4; and            
(d) 0.7 M, pH 8. The spectra are: 1) dry goethite, 2) goethite in water (H2O) without As
V
,             
3) goethite in water with As
V
, 4) dry oil-coated goethite, and 5) oil-coated goethite in water with 
As
V
.  
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4.3.7 A model for the effect of oil on AsV adsorption on goethite 
Figure 4.8 summarises the experimental findings from this study and develops a 
model that reflects the dominant processes. In the As
V
-goethite system (Figure 4.8, 
panel (a)), H
+
 ions attach onto the goethite surface and impart a positive surface 
charge, resulting in greater As
V
 adsorption at lower pH. The pH increases slightly 
after As
V
 adsorption due to the release of OH
-
 from the goethite surface 
suggesting that As
V
 adsorbs as an inner-sphere complex (see also equation 4.3). 
The adsorption of As
V
 at high I is enhanced by the closer distance between 
goethite and As
V
 and by surface complex formation with Na
+
 on goethite altering 
the surface properties of the mineral. 
 
After covering the goethite with oil (Figure 4.8, panel (b)), the oil molecules 
block available adsorption sites, thereby preventing the attachment of 
hydrogen ions onto the goethite surface. This decreases the positive surface 
charge of the goethite and leads to reduced As
V
 adsorption. The deprotonation 
of functional groups of oil such as the -COOH also reduces the surface charge 
of oil-coated goethite. The oil reduces the absolute number of available 
adsorption sites for As
V
. The FTIR spectra show that the intensity of -C=O 
functional group of oil decreases after As
V
 adsorption, suggesting an 
interaction between As
V
 and functional group of oil, which implies As
V
 
adsorption on oil coating. An arsenate-oil interaction is probably one of the 
reasons why the reduction of As
V
 on oil-coated goethite does not show a linear 
relationship with reduction of the surface area. However, the microscopic data 
are necessary to prove the model showing the occurrence of the adsorption of 
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As
V
 and the interaction between As
V
 and oil on oil-coated goethite if needed 
for specific purposes in the future work. For example, this is to prove whether 
the As
V
 adsorbed on oil could be desorbed under specific environmental 
conditions or due to the environmental changes. 
 
 
Figure 4.8 A preliminary model for the effect of oil on As
V
 adsorption. Panel (a) shows that 
without oil, As
V
 is adsorbed on the goethite surface and OH
-
 is released from the mineral surface. 
Panel (b) shows the goethite surface area being blocked by oil molecules. This is leading to less 
As
V
 adsorption and the release of OH
-
 into the solution. Arsenate interacts with the oil functional 
group. See text and equations 4.3 and 4.4 for detail. 
 
4.3.8 Environmental implications 
The results suggest that oil-coated goethite reduces the adsorption of As
V
 on its 
surface significantly. Thus, release of production water from oil and gas rigs and 
of oil in general will have a significant effect on the cycling and the 
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biogeochemistry of As
V
 in the aquatic environment, lakes, and oceans alike.      
The reduction is greatest at high pH and low I, suggesting that alkaline freshwater 
systems will especially be threatened by uncontrolled release of rig wastewater.   
In addition, after oil release, sediments will likely have reduced capacities to act 
as sinks of As
V
 and other pollutant elements, leading to a potentially accelerated 
increase of toxic element concentrations in important water sources. 
 
4.4. CONCLUSION  
This study reports the effect of crude oil on the adsorption of As
V
 on goethite at 
pH values of 4 and 8 and I of 0.001 and 0.7 M. It is concluded that: 
1. Adsorption is fast and saturation is achieved within 180 min, the oil not 
affecting the kinetics of the adsorption process. 
2. Reaction rate constants approximate to a pseudo second order rate 
expression and range between 6.5 and 52.3 x 10
-4
 g/µmol/min. 
3. Adsorption mechanisms are best described with the Langmuir model 
giving R
2
 values of >0.98 and >0.82 for As
V
-goethite and As
V
-oil-goethite 
systems, respectively. 
4. Maximum adsorption capacity increases with increasing I and 
decreases with increasing pH, both reflecting reduction of positive charges on the 
goethite surface. A difference, however, is discernable between the As
V
-goethite 
and As
V
-oil-goethite systems in that the adsorption of As
V
 is reduced by at least 
half relative to natural conditions.  
5. While the AsV adsorption in the AsV-oil-goethite system is reduced, the 
similar experimental observations which constrain and elucidate the adsorption 
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mechanism (i.e., Langmuir model fits, reaction rates, effect of pH and I) for both 
systems, suggest that the mineral surface area remains the main controlling 
adsorption variable. 
6. The FTIR spectra show that the intensity of vibration band at 1710 
1/cm are reduced after As
V
 adsorption in the As
V
-oil-goethite system, suggesting 
an interaction between As
V
 and the -C=O containing functional group of oil.   
This interpretation is consistent with a non-linear decrease in As
V
 adsorption with 
the reduction in oil-coated goethite surface area. 
7. The results suggest that adsorption of AsV is significantly reduced on 
oil-coated goethite, and this could have an important effect on the cycling and the 
biogeochemistry of As
V
 in water with high oil loads. 
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5. ARSENATE OIL INTERACTION ON CLAY 
MINERALS  
5.1. INTRODUCTION 
Pollution of the aquatic environment by petroleum hydrocarbons and related 
compounds takes place from both natural and anthropogenic sources. 
Anthropogenic petroleum input totals 2.37 x 10
6
 tonnes/year worldwide with     
65.2 % derived from municipal and industrial wastes, urban and river runoffs, 
oceanic dumping and atmospheric fallout; 26.2 % is discharged from transportation 
tanker accidents and de-blasting and the remaining 8.6 % originates from offshore 
oil and gas production and refineries (Chouksey et al., 2004). Many processes 
occur after oil is introduced to the sea. Oil dispersion is controlled by gravity, oil 
viscosity, and surface water tension, but is relatively independent of water 
currents. Dispersion is facilitated by water turbulence which results in the 
dissolution of low molecular weight aliphatic and aromatic hydrocarbons. It is 
believed that an average of 1-3 % crude oil dissolves in seawater in this way 
(Patin, 1999). Some oil is adsorbed onto particles and sinks to become part of sea 
floor sediments. This process usually occurs in shallow marine settings and 
coastal areas where there are more particles present and where mixing is more 
efficient than in the open ocean. At the same time, biosedimentation occurs 
following the adsorption of microorganisms and plankton on the emulsified oil.  
 
Although direct pollution of the marine environment by oil is a concern, a further 
consideration is its ability to introduce pollutant elements. Arsenic (As) is a toxic 
and carcinogenic element that warrants attention owing to its widespread 
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distribution in the environment and its high relative abundance alongside other 
toxic elements (Deocadiz et al., 1999; Cornu et al., 2003). In natural seawater, As 
concentration varies little and is found at very low (μg/kg) levels. Arsenic in crude 
oil is found at concentrations ranging between <10 and >1600 g/kg (Filby and 
Olsen, 1994; Stigter et al., 2000; Cassella et al., 2002; Han et al., 2003), 
depending on the geographical origin of petroleum (Stigter et al., 2000). Stigter   
et al. (2000) proposed an average As content of crude oil at 13.7 g/kg. The many 
orders of magnitude of As in oil than seawater makes oil an important 
anthropogenic source of this element in the marine environment. Oil and related 
components have a persistent potential to be introduced into the marine 
environment by oil spills and wastewater discharge. 
 
Once present, As is a particularly problematic element in the environment owing 
to its mobility over a wide range of conditions. The most important factors that 
control As speciation are redox potential (Eh) and pH. Arsenic can be found in 
four oxidation states (Neff, 1997). Direct biological redox transformations can 
also take place involving bacteria and certain corals (Thursby and Steele, 1984). 
Elemental As is rarely found and As
3-
 can be encountered only at particularly low 
Eh values in extremely reducing environments (Neff, 1997). In natural waters As 
can occur as arsenite (As
III
) but is encountered primarily as arsenate (As
V
) under 
oxidizing condition (Madsen, 1992). Depending on pH, As
V
 is present as one of 
three protonated oxyanions of As acid (H2AsO4
-
, HAsO4
2-
, or AsO4
3-
). Organic 
forms of As do exist and monomethylarsonic acid and dimethylarsinic acid are 
regularly found in seawater (Neff, 1997). 
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In the marine environment, As reacts with various metals, but the most important 
reaction is associated with minerals which represent an important sink for this 
element. Iron and manganese oxides in particular lead to precipitation and         
co-deposition with sediments (Hunt and Howard, 1994). Recent work on goethite 
has revealed a notable effect on adsorption when oil and As are present together. 
Oil appears to coat the surface of goethite thereby reducing the effective area 
available for adsorption and also changes the mineral surface charge causing a 
reduction of the propensity of As
V
 to adsorb (Chapter 4; (Wainipee et al., 2010)). 
Other important minerals include the clay minerals which have substantial 
adsorption capacities. Among the clay minerals, montmorillonite is particularly 
interesting because of its high surface area, cation exchange capacity, swelling 
properties, and ability to adsorb water. 
 
Generally, clay minerals consist of layers made up of silicon in tetrahedral 
coordination and aluminium, magnesium, or iron in octahedral coordination 
(Mohapatra et al., 2007a). Variations in the arrangement of the layers give different 
clay mineral types. Kaolinite is a 1:1 clay (1 tetrahedral and 1 octahedral sheet in 
each layer) with no cationic substitution. Montmorillonite and illite are 2:1 clays    
(2 tetrahedral and 1 octahedral sheet) with cationic substitution to compensate their 
balance. Chlorite is a 2:1 clay with a hydroxide sheet. Montmorillonite is a swelling 
mineral, whereas kaolinite, illite, and chlorite are not. For montmorillonite, the 
space between the layer depends on the size of cations such as Na
+
, Ca
2+
, Mg
2+
, and 
the hydration degree of cation (Xi et al., 2005). 
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Many clay minerals have a permanent negative charge caused by the ion 
substitution in the crystal lattice, which is balanced by cations in the interlayer 
(Newman, 1987). The greater the degree of substitution, the more dense the 
negative charge. Clay minerals can exchange cations within their interlayers and 
can adsorb both cations and anions on their surfaces. Anions are adsorbed to a 
much lesser extent than cations and rely on surface complexation to enable their 
attachment to the negatively charged surfaces, e.g., by means of a cation 
intermediate. Arsenate is adsorbed as an anion in this way and, hence, the 
mobility of As may be influenced by the abundance of clay minerals in sediments 
and the presence of cations in the surrounding water. 
 
In addition to clay layers, the edges can also host a charge which arises from 
broken bonds in the silica-alumina units that generate proton shift reactions (Peng 
et al., 2009). Anions can adsorb on clay edges by ionic exchange that is related to 
electrostatic, non-specific interaction between positively charged edge sites and 
the anions. Environmental controls on such edge adsorption of anions exist 
because the edges of clay mineral layers are positively and negatively charged at 
low and high pH, respectively (Mohapatra et al., 2007a; Peng et al., 2009). 
Different clays can have different As
V
 adsorption capacities at the same pH 
(Manning and Goldberg, 1997). Generally, adsorption of As
V
 is higher at low pH 
because clay edges become protonated and positively charged, which is 
favourable for anion adsorption (Mohapatra et al., 2007a). Adsorption of the As
V
 
oxyanion on clay minerals may be important under acidic conditions especially 
(Sadiq, 1997), where electrostatic adsorption on edges is favoured. Indeed, the 
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maximum adsorption capacity (Qmax) of As
V
 on kaolinite, montmorillonite, and 
illite has been observed at pH 2.0 to 5.0 (0.86, 0.64, and 0.52 mg As
V
/g clay, 
respectively) (Mohapatra et al., 2007b). 
 
Minerals have an important role in the removal of As from the environment.    
This role is complex when both As and oil are present simultaneously. An insight 
into the mechanisms operating under such conditions is required to understand the 
fate of As in the environment following oil spills. 
 
The presence of organic compounds can affect the adsorption potential of clays. 
For instance, anion adsorption can be improved by modifying the clay minerals 
with organic cations (Krishna et al., 2001; Beall, 2003; An and Dultz, 2008).    
The adsorption of organic compounds can also change the properties of clay 
mineral surface between hydrophilic and hydrophobic, depending on the character 
of the organic substances, which influences the later adsorption of cations and 
anions from the environment (Newman, 1987). Although some work has been 
carried out on As
V
-clay interaction, less research has been performed on the topic 
in marine environments, and there are no studies of how As adsorption differs 
between clay minerals and their oil-coated counterparts.  
 
To redress the lack of previous work on As adsorption on clays in the presence of 
oil, the effects of pH, NaCl concentration, and oil content on As
V
 adsorption onto 
kaolinite, montmorillonite, illite, and chlorite have been studied. The clay 
minerals investigated are abundant in natural sediments. The experiments cover 
salinity conditions from that of freshwater to seawater, at two pH values, and 
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simulate a case in which clay minerals have been coated with oil following an 
anthropogenic release into the marine environment. 
 
5.2. AIM AND OBJECTIVES 
The aim is to study As
V
 adsorption mechanism on four clay minerals and obtain 
the response surface of As
V
 adsorption on clay minerals at low and high pH and 
ionic strengths (I) in the absence and presence of oil. The objectives of this work 
are to: 
1. Investigate the effect of pH and I on the AsV adsorption on four 
different clay minerals. 
2. Compare the AsV adsorption magnitude of different clay minerals. 
3. Obtain an adsorption isotherm at low and high pH and I in the absence 
and presence of oil. 
4. Identify the adsorption mechanism. 
 
5.3. RESULTS  
5.3.1 Clay minerals 
XRD analyses of the clay mineral starting materials indicated that chlorite was 
pure and the other minerals contained minor impurities that were 
removed/reduced by centrifugation and sedimentation in water. Following this 
process, the new XRD patterns (Figure 5.1) showed that some other phases 
remained in illite (kaolinite, quartz, and jarosite) and very minor amounts existed 
in kaolinite (smectite) and montmorillonite (quartz). The presence and the height 
of peaks indicate the presence of other mineral phases difficult to remove. 
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Before purification, there were more peaks and higher intensities of the impurities 
present. After purification, most of these impurity peaks were disappeared and the 
impurity intensity decreased significantly. The concentration of these mineral 
phases was assessed from the intensity of their X-Ray diffraction peaks. It was 
considered that the post-centrifugation minerals were acceptably pure for the 
subsequent experiments. The chemical composition of all natural clay minerals as 
determined by ICP-AES is presented in Table 5.1. The total oxide weight % is 
below 100 % (Table 5.1), as expected for clays given their hydroxyl content and 
the usual presence of adsorbed water. The lowest total weight % corresponds to 
montmorillonite, which can retain substantial amounts of adsorbed water.            
A portion of Fe and K in the illite is in jarosite. However, the illite is Fe-rich as 
indicated by the position of the 060 peak at 1.503 Å (61.709 º2θ), from where it 
can be assessed that 0.7-1 out of 2 octahedral sites are occupied by Fe (Brown and 
Brindley, 1984). 
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Table 5.1 Chemical composition and surface area of clay minerals (natural) before and after As
V
 adsorption at 0.001 and 0.7 M. 
 
 
Illite Kaolinite Chlorite Montmorillonite 
(before 
ads.) 
(after)
0.001 
(after)
0.7 
(before 
ads.) 
(after)
0.001 
(after)
0.7 
(before 
ads.) 
(after)
0.001 
(after)
0.7 
(before 
ads.) 
(after) 
0.001 
(after) 
0.7 
Constituents (wt. %)             
Al2O3 19.8 19.9 18.8 37.9 37.0 35.4 21.7 21.1 20.7 15.6 14.8 14.1 
CaO 0.09 0.05 0.03 0.25 0.18 0.01 0.21 0.14 0.12 1.08 0.99 0.19 
Fe2O3 4.49 4.46 4.26 0.36 0.17 0.17 23.9 24.1 23.7 1.6 1.4 1.3 
K2O 4.38 4.49 4.08 0.09 0.10 0.09 <0.05 <0.05 <0.05 0.30 0.25 0.17 
MgO 0.95 0.95 0.90 0.23 0.22 0.21 18.45 18.30 17.90 6.87 6.49 5.32 
Na2O 0.42 0.63 4.09 0.05 0.26 3.18 0.07 0.20 1.87 0.53 0.67 8.33 
SiO2 57.0 56.2 53.6 47.6 45.0 43.1 27.2 27.1 26.3 48.7 48.0 45.9 
Total wt. 87.13   86.48   91.58   74.68   
Other Characteristics             
Total C 0.14 0.14 0.11 0.04 0.03 0.03 0.03 0.03 0.03 0.07 0.04 0.05 
As (ppm) <20 971 1071 <20 131 178 <20 77.4 126 <20 209 405 
Surface area (m
2
/g) 27.19   17.83   1.13   77.82   
 Chapter 5 
Page | 121 
 
For kaolinite, the pHPZC and surface area is similar to that found in kaolinite 
elsewhere (Bohn et al., 1979; Miranda-Trevino and Coles, 2003). Illite has a 
relatively high Fe2O3 content, the FeOH at the edge of illite, and jarosite may 
slightly promote the adsorption of As
V
. Higher Fe2O3 content in chlorite does not 
enhance the adsorption may be caused by very low surface area for As
V
 to be 
adsorbed. 
 
 
Figure 5.1 XRD patterns of four clay minerals: (a) illite, (b) kaolinite, (c) montmorillonite, and  
(d) chlorite. 
 
5.3.2 AsV adsorption on clay minerals  
5.3.2.1 Kinetic experiment  
The time required for As
V
 adsorption to reach equilibrium is shown in Figures 
5.2-5.5. Maximum adsorption is reached between 4 and 24 h, with fluctuations in 
the adsorption curves that are dependent on the clay minerals. Generally, the 
solution pH increased during the adsorption experiments. The solutions had an 
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original pH of 4 (Figures 5.2 and 5.4) and increases of the pH in the 
montmorillonite, chlorite, and kaolinite experiments can be interpreted as the 
buffering effect of the clays (Table 5.2). Such an effect is caused by the 
adsorption of protons on sites with a partial negative charge on the clays, at the 
edges of the clay layers on Al-O and Si-O sites. It can be seen that there is 
buffering effect at the beginning step after adding illite into As
V
 solution.        
This could be explained by amphoteric nature (Zhang et al., 2004) at the edge of 
the clays.  
 
  HSOHSOHH2  
 HSOSOH -  
 
At low pH, the equilibrium will shift to the left and this leads to the increase in 
solution pH. At high pH, the equilibrium will shift to the right causing the 
decrease in solution pH. The adsorption experiments with illite, however, caused a 
pH decrease, which may be due to the partial dissolution of jarosite (unstable at 
pH >3) and subsequent Fe hydrolysis. The reactions are: 
 
-2
4
-2
4
3
6243 2SOK3H3FeOOH2SOKOH63Fe(OH))(SOKFe 

 
Thus jarosite dissolution produces goethite and reduces the pH. The effect of 
these reactions on the adsorption experiments is discussed below. The amount of 
goethite is calculated from the model as this quantity could not be measured 
because of low amount of jarosite dissolution and goethite production from 
jarosite. However, it is possible to estimate it if a greater amount of clay is used in 
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the experiments. The amount of goethite formed was estimated using the effect on 
pH from the jarosite dissolution and Fe hydrolysis reactions and the buffering of 
pH caused by the clay. 
 
Table 5.2 Initial pH of the As
V
 solution and pH at equilibrium after the addition of clays. 
Clay minerals Initial pH pH at equilibrium 
Illite 4 3.17 - 3.41 
Kaolinite 4 4.49 - 4.64 
Montmorillonite 4 6.43 - 6.58 
Chlorite 4 5.36 - 5.63 
Illite 8 3.39 - 3.59 
Kaolinite 8 6.40 - 6.91 
Montmorillonite 8 6.62 - 7.06 
Chlorite 8 7.22 - 7.29 
 
 
Regarding an initial pH 8 (Figures 5.3 and 5.5), the solution pH did not increase 
after adsorption. This could be because OH
- 
and/or As
V
 are adsorbed on positive 
charges at the surfaces or the edges of the clays. The As
V
 probably competes for 
the active surface sites with OH
-
 in the solution. The adsorption of AsV does not 
lead to the release of OH
-
 into the solution. As a result, pH does not increase 
during adsorption. In general the solution pH does not affect the time required for 
As
V
 adsorption to reach equilibrium. 
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Figure 5.2 Arsenate adsorbed (mol/g) on clay minerals () at 0.001 M, pH 4 against time (h):         
(a) illite, (b) kaolinite, (c) montmorillonite, and (d) chlorite with pH () change during AsV 
adsorption. Equilibrium is reached between 4 and 24 h. Error bars represent ± 1SD, determined 
from triplicate analyses. 
 
 
Figure 5.3 Arsenate adsorbed (mol/g) on clay minerals () at 0.001 M, pH 8 against time (h):         
(a) illite, (b) kaolinite, (c) montmorillonite, and (d) chlorite with pH () change during AsV 
adsorption. Equilibrium is reached between 4 and 24 h. Error bars represent ± 1SD, determined 
from triplicate analyses. 
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Figure 5.4 Arsenate adsorbed (mol/g) on clay minerals () at 0.7 M, pH 4 against time (h):     
(a) illite, (b) kaolinite, (c) montmorillonite, and (d) chlorite with pH () change during AsV 
adsorption. Equilibrium is reached between 4 and 24 h. Error bars represent ± 1SD, determined 
from triplicate analyses. 
 
 
Figure 5.5 Arsenate adsorbed (mol/g) on clay minerals () at 0.7 M, pH 8 against time (h):     
(a) illite, (b) kaolinite, (c) montmorillonite, and (d) chlorite with pH () change during AsV 
adsorption. Equilibrium is reached between 4 and 24 h. Error bars represent ± 1SD, determined 
from triplicate analyses. 
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5.3.2.2 Thermodynamic experiment  
The level of adsorption is the greatest for illite and the lowest for kaolinite and 
chlorite (Table 5.3). Figures 5.6-5.8 reveal that an oil coating has a negative effect 
on As
V
 adsorption on illite, chlorite, and kaolinite. In most cases it requires the 
heavier coating (32.5 %) to induce the effect. Only chlorite exhibits an effect 
following the lighter coating (3.25 %) and suggest that this clay mineral is the 
most sensitive to the influence of oil. However, the greater amount of oil used for 
these experiments were in order to determine the interaction between oil and As
V
 
on the oil-coated clays. This is probably less than the level found in the 
environments. The intention of using high amount of oil is in order to increase the 
intensity for FTIR spectrum detection. Figure 5.9 reveals that an oil coating has a 
positive effect on As
V
 adsorption on montmorillonite. XRD analysis of oil-coated 
montmorillonite indicates that there was no oil intercalation in the interlayer 
space. Thus, the effects of oil coating for As
V
 adsorption on montmorillonite are 
surface phenomena. For all clays, whether oil is present or absent, As
V
 adsorption 
is substantially greater when higher NaCl concentrations exist. Similarly, for all 
clays, whether oil is present or absent, As
V
 adsorption is substantially greater at 
lower pH.  
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Table 5.3 Langmuir and Freundlich constants 
Minerals-As
V
 system/conditions 
Langmuir constants Freundlich constants 
1/Qmax 
Qmax  
(mol/g) 
R
2
  log Kf Kf (L/g) R
2
 
Illite 0.7 M, pH 4 0.0725 ± 0.0010 13.793 ± 0.185 0.9921  0.6364 ± 0.0313 1.890 ± 0.061 0.8698 
0.7 M, pH 8 0.0774 ± 0.0010 12.920 ± 0.168 0.9962  0.6646 ± 0.0529 1.944 ± 0.103 0.9767 
0.001 M, pH 4 0.0822 ± 0.0017 12.165 ± 0.257 0.9938  0.7054 ± 0.1119 2.025 ± 0.228 0.9987 
0.001 M, pH 8 0.0836 ± 0.0002 11.962 ± 0.030 0.9950  0.5838 ± 0.0488 1.793 ± 0.091 0.9330 
3.25 % oil-coated 
illite 
0.7 M, pH 4 0.0729 ± 0.0004 13.717 ± 0.078 0.9906  0.6188 ± 0.0727 1.857 ± 0.144 0.9087 
0.7 M, pH 8 0.0777 ± 0.0008 12.870 ± 0.133 0.9940  0.5962 ± 0.0045 1.815 ± 0.008 0.9387 
0.001 M, pH 4 0.0838 ± 0.0018 11.933 ± 0.253 0.9953  0.5379 ± 0.0336 1.712 ± 0.058 0.9927 
0.001 M, pH 8 0.0846 ± 0.0007 11.820 ± 0.095 0.9970  0.5836 ± 0.0084 1.793 ± 0.015 0.9769 
32.5 % oil-coated 
illite 
0.7 M, pH 4 0.1941 ± 0.0104 5.152 ± 0.284 0.9931  -0.2943 ± 0.0621 0.745 ± 0.046 0.9838 
0.7 M, pH 8 0.1939 ± 0.0087 5.157 ± 0.236 0.9858  -0.4374 ± 0.0620 0.646 ± 0.039 0.9895 
0.001 M, pH 4 0.2875 ± 0.0233 3.478 ± 0.278 0.9975  -0.4946 ± 0.1140 0.610 ± 0.068 0.9838 
0.001 M, pH 8 0.4705 ± 0.0094 2.125 ± 0.042 0.9951  -0.2304 ± 0.0453 0.794 ± 0.036 0.8007 
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Table 5.3 Langmuir and Freundlich constants [continued] 
Minerals-As
V
 system/conditions 
Langmuir constants Freundlich constants 
1/Qmax 
Qmax  
(mol/g) 
R
2
  log Kf Kf (L/g) R
2
 
Kaolinite 0.7 M, pH 4 0.4062 ± 0.0475 2.462 ± 0.278 0.9639  -0.4824 ± 0.1064 0.617 ± 0.065 0.9719 
0.7 M, pH 8 0.4322 ± 0.0604 2.314 ± 0.339 0.8806  -0.4211 ± 0.0654 0.656 ± 0.042 0.8098 
0.001 M, pH 4 1.0834 ± 0.1833 0.923 ± 0.153 0.9250  -0.2082 ± 0.2593 0.812 ± 0.199 0.0952 
0.001 M, pH 8 1.6132 ± 0.1413 0.620 ± 0.056 0.9789  -0.0932 ± 0.0911 0.911 ± 0.082 0.0280 
3.25 %  oil-coated 
kaolinite 
0.7 M, pH 4 0.4986 ± 0.0877 2.006 ± 0.399 0.9598  -0.4252 ± 0.0530 0.654 ± 0.034 0.8422 
0.7 M, pH 8 0.4764 ± 0.0198 2.099 ± 0.087 0.8566  -0.6084 ± 0.0929 0.544 ± 0.050 0.8153 
0.001 M, pH 4 0.8474 ± 0.1599 1.180 ± 0.256 0.9561  -0.5483 ± 0.0855 0.578 ± 0.048 0.8358 
0.001 M, pH 8 0.9663 ± 0.1788 1.035 ± 0.194 0.9724  -0.3565 ± 0.0623 0.700 ± 0.073 0.7101 
32.5 %  oil-coated 
kaolinite 
0.7 M, pH 4 0.5669 ± 0.0423 1.764 ± 0.130 0.9911  -0.9809 ± 0.0826 0.375 ± 0.031 0.9472 
0.7 M, pH 8 1.1321 ± 0.2437 0.883 ± 0.220 0.9694  -0.6281 ± 0.1305 0.534 ± 0.070 0.6123 
0.001 M, pH 4 1.9739 ± 0.8301 0.507 ± 0.188 0.7676  -0.2661 ± 0.2296 0.766 ± 0.181 0.0145 
0.001 M, pH 8 2.0257 ± 0.5248 0.494 ± 0.155 0.9692  -0.7526 ± 0.4956 0.471 ± 0.210 0.7117 
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Table 5.3 Langmuir and Freundlich constants [continued] 
Minerals-As
V
 system/conditions 
Langmuir constants Freundlich constants 
1/Qmax 
Qmax  
(mol/g) 
R
2
  log Kf Kf (L/g) R
2
 
Montmorillonite 0.7 M, pH 4 0.1574 ± 0.0296 6.353 ± 1.364 0.7831  -1.1291 ± 0.0702 0.323 ± 0.023 0.9671 
0.7 M, pH 8 0.1972 ± 0.0233 5.071 ± 0.578 0.9910  -0.9362 ± 0.1034 0.392 ± 0.042 0.9867 
0.001 M, pH 4 4.8363 ± 5.5984 0.207 ± 0.344 0.7290  0.8662 ± 1.6197 2.378 ± 2.366 0.3870 
0.001 M, pH 8 - - -  - - - 
3.25 %  oil-coated 
montmorillonite 
0.7 M, pH 4 0.1783 ± 0.0178 5.609 ± 0.568 0.9410  -0.7388 ± 0.0566 0.478 ± 0.027 0.9274 
0.7 M, pH 8 0.2323 ± 0.0402 4.305 ± 0.821 0.9802  -0.8215 ± 0.0613 0.440 ± 0.027 0.9885 
0.001 M, pH 4 0.3985 ± 0.1216 2.509 ± 0.827 0.7651  -2.0830 ± 0.1030 0.125 ± 0.013 0.9571 
0.001 M, pH 8 - - -  - - - 
32.5 %  oil-coated 
montmorillonite 
0.7 M, pH 4 0.1107 ± 0.0042 9.033 ± 0.343 0.9676  -0.5440 ± 0.0408 0.580 ± 0.024 0.9930 
0.7 M, pH 8 0.1186 ± 0.0043 8.432 ± 0.301 0.9760  -0.4755 ± 0.0210 0.622 ± 0.013 0.9992 
0.001 M, pH 4 0.2209 ± 0.0247 4.535 ± 0.485 0.9009  -0.9087 ± 0.1197 0.403 ± 0.047 0.9769 
0.001 M, pH 8 0.3597 ± 0.0155 2.780 ± 0.120 0.9370  -0.6307 ± 0.0445 0.532 ± 0.024 0.9397 
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Table 5.3 Langmuir and Freundlich constants [continued] 
Minerals-As
V
 system/conditions 
Langmuir constants Freundlich constants 
1/Qmax 
Qmax  
(mol/g) 
R
2
  log Kf Kf (L/g) R
2
 
Chlorite 0.7 M, pH 4 0.6343 ± 0.1632 1.577 ± 0.408 0.9574  -0.1698 ± 0.1548 0.844 ± 0.128 0.4129 
0.7 M, pH 8 0.6775 ± 0.0678 1.476 ± 0.155 0.9415  -0.2412 ± 0.0521 0.786 ± 0.042 0.5625 
0.001 M, pH 4 0.7584 ± 0.1143 1.319 ± 0.211 0.9897  -0.9052 ± 0.1342 0.405 ± 0.053 0.9925 
0.001 M, pH 8 1.5636 ± 0.2926 0.640 ± 0.116 0.9026  -1.1835 ± 0.1546 0.306 ± 0.047 0.8900 
3.25 % oil-coated 
chlorite 
0.7 M, pH 4 0.9010 ± 0.1281 1.110 ± 0.159 0.4054  -1.0075 ± 0.2101 0.365 ± 0.073 0.4268 
0.7 M, pH 8 1.5686 ± 0.6173 0.683 ± 0.289 0.7491  -0.6575 ± 0.3793 0.518 ± 0.217 0.2302 
0.001 M, pH 4 2.7660 ± 0.7871 0.362 ± 0.131 0.9221  -0.9118 ± 0.2457 0.402 ± 0.093 0.2998 
0.001 M, pH 8 10.0290 ± 3.4646 0.100 ± 0.045 0.8766  -0.3952 ± 0.3692 0.674 ± 0.234 0.1439 
32.5 % oil-coated 
chlorite 
0.7 M, pH 4 - - -  - - - 
0.7 M, pH 8 - - -  - - - 
0.001 M, pH 4 - - -  - - - 
0.001 M, pH 8 - - -  - - - 
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The partial dissolution of jarosite and formation of goethite may have influenced 
the adsorption experiments using illite for two reasons. Firstly, goethite adsorbs 
As
V
 efficiently because of its positive surface charge, and, secondly, precipitation 
of a sulphate salt in solution is likely to co-precipitate As
V
 because the As
V
 anion 
can substitute for the sulphate anion during such precipitation processes.            
To investigate these possibilities the amount of jarosite dissolved was assessed 
from the solution pH. It was taken into consideration that the pH is affected by 
both the presence of illite (which tends to neutralize the pH as the other clay 
minerals do, and to a similar extent) and the dissolution of jarosite (that lowers the 
pH). Using the equation for jarosite dissolution and Fe hydrolysis above, the 
amounts of goethite produced were 0.45 and 0.29 mg in the experiments at initial 
pH 4 and 8, respectively. From the data of As
V
 adsorption on goethite (Chapter 4; 
(Wainipee et al., 2010)), it was assessed that the contribution of goethite to As
V
 
adsorption to the illite experiments is only 2 and 0.6 % of total adsorbed As
V
, for 
the initial pH 4 and 8, respectively. The possibility of precipitation of a sulphate 
salt was assessed considering Na2SO4, as Na
+
 is the only abundant cation in the 
experiments. The product between SO4
2-
 and Na
+
 concentrations is always well 
below Na2SO4 solubility (2,500 to 2 x 10
9
 times lower) in the experiments and 
thus no sulphate precipitation occurred. It follows that the results from the illite 
experiments are due to As
V
 adsorption on illite (≥ 98 % of total values) and are 
not affected significantly by the presence of jarosite. 
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Figure 5.6 Arsenate adsorbed (mol/g) against AsV concentration (mol/L) at equilibrium in the 
absence and presence of 3.25 mg and 32.5 mg oil coating per 100 mg illite under four conditions:  
(a) 0.001 M, pH 4; (b) 0.001 M, pH 8; (c) 0.7 M, pH 4; and (d) 0.7 M, pH 8. 
 
 
Figure 5.7 Arsenate adsorbed (mol/g) against AsV concentration (mol/L) at equilibrium in the 
absence and presence of 3.25 mg and 32.5 mg oil coating per 100 mg chlorite under four 
conditions: (a) 0.001 M, pH 4; (b) 0.001 M, pH 8; (c) 0.7 M, pH 4; and (d) 0.7 M, pH 8. 
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Figure 5.8 Arsenate adsorbed (mol/g) against AsV concentration (mol/L) at equilibrium in the 
absence and presence of 3.25 mg and 32.5 mg oil coating per 100 mg kaolinite under four 
conditions: (a) 0.001 M, pH 4; (b) 0.001 M, pH 8; (c) 0.7 M, pH 4; and (d) 0.7 M, pH 8. 
 
 
Figure 5.9 Arsenate adsorbed (mol/g) against AsV concentration (mol/L) at equilibrium in the 
absence and presence of 3.25 mg and 32.5 mg oil coating per 100 mg montmorillonite under four 
conditions: (a) 0.001 M, pH 4; (b) 0.001 M, pH 8; (c) 0.7 M, pH 4; and (d) 0.7 M, pH 8. 
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5.3.3 Chemical change 
Tables 5.1 and 5.4 show the chemical composition of the natural and 32.5 % oil-
coated clays before and after As
V
 adsorption. The presence of As
V
 is observed in 
all clays after the adsorption experiments. As might be expected oil coating 
increases total C content. Na
+
 concentration increases after the experiments, 
possibly owing to adsorption from the solutions. The Na
+
 increase was largest in 
montmorillonite, possibly due to its large cation exchange capacity and the clay 
exhibits a corresponding decrease in Ca
2+
, presumably owing to Na
+
 displacing 
Ca
2+
 from the interlayers. Oil coating increases Na
+
 and Ca
2+
 contents, probably 
by addition of oil in which these elements are present. 
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Table 5.4 Chemical composition of 32.5 % oil-coated clay minerals before and after As
V
 adsorption at 0.001 and 0.7 M; and surface area of oil-coated clays 
with both 32.5 and 3.25 % of oil. 
 
 
Illite Kaolinite Chlorite Montmorillonite 
(before 
ads.) 
(after)
0.001 
(after)
0.7 
(before 
ads.) 
(after) 
0.001 
(after)
0.7 
(before 
ads.) 
(after)
0.001 
(after)
0.7 
(before 
ads.) 
(after)
0.001 
(after) 
0.7 
Constituents (wt. %)             
Al2O3 15.1 15.2 15.1 29.0 29.0 28.5 15.8 16.3 16.5 11.9 12.2 11.7 
CaO 0.16 0.12 0.06 0.29 0.22 0.10 0.21 0.20 0.18 0.96 0.94 0.27 
Fe2O3 3.82 3.82 3.56 0.56 0.56 0.54 18.5 19.1 19.3 1.51 1.46 1.19 
K2O 3.28 3.29 3.22 0.09 0.08 0.08 0.02 0.02 0.02 0.22 0.20 0.17 
MgO 0.87 0.82 0.76 0.32 0.28 0.20 13.8 14.2 14.4 5.48 5.63 4.44 
Na2O 0.550 0.547 3.140 0.072 0.036 2.620 0.096 0.031 1.530 0.625 0.459 8.480 
SiO2 45.1 45.5 43.5 37.1 37.2 36.8 21.3 21.9 22.3 42.1 41.1 38.9 
Other Characteristics             
Total C 18.37 18.97 18.94 23.47 19.78 19.51 14.31 14.43 14.53 16.70 16.31 16.53 
As (ppm) <20 204 297 <20 87.1 116 <20 29.7 43.4 <20 272 424 
Surface area (m
2
/g) 
 0.97 (32.5 % oil)  
13.04 (3.25 % oil) 
0.78 (32.5 % oil)  
7.38 (3.25 % oil) 
ND (32.5 % oil)  
0.35 (3.25 % oil) 
1.11 (32.5 % oil)  
12.43 (3.25 % oil) 
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5.3.4 Zeta potential  
Figures 5.10 and 5.11 show the  values for the four clay minerals under various 
experimental conditions. The main influence on  values is NaCl concentration. 
The less negative  values are observed due to the attraction of Cl- on the attached 
Na
+
. This is shown by the pHPZC, which is possibly reduced because of the 
presence of Cl
-
 on the Na
+
 on the clay surface. The negative  values slightly 
increase with increasing pH due to higher OH
-
, both Cl
-
 and OH
-
 leading to higher 
negative charge on the clay particles. At high NaCl concentrations (0.7 M), the 
other variables (As
V
 and oil coating) have little effect on  values (Figure 5.11). 
At low NaCl concentrations (0.001 M),  values cover a wider range of positive 
and negative values and As
V
 and oil coating have a larger influence. When As
V
 is 
absent, the addition of oil moves pHPZC to higher values or, in other words, causes 
the particle-ion complexes to have an external positive charge for a wider range of 
the pH values. When As
V
 is present, oil coating has little or no effect because the 
ability of dissolved As
V
 to promote a more negative external charge in the 
particle-ion complexes is dominant. Variation in clay mineral type produces no 
consistent pattern in the associated  values, although it can be observed that 
chlorite has a much higher pHPZC than the other minerals in distilled water   
(Figure 5.10, panel (a)) and under other experimental conditions. This may be due 
to the presence of Fe2O3. As shown in Table 5.1 chlorite has a relatively high Fe 
content compared to illite and the other two clays. 
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Figure 5.10 The  of natural and oil-coated illite (), kaolinite (), montmorillonite (), and 
chlorite () in the absence and presence of 67 and 334 µmol/L at 0.001 M: (a) natural clays in the 
absence of As
V
, (b) oil-coated clays in the absence of As
V
, (c) natural clays in the presence of         
67 µmol/L, (d) oil-coated clays in the presence of 67 µmol/L, (e) natural clays in the presence of  
334 µmol/L, and (f) oil-coated clays in the presence of 334 µmol/L. 
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Figure 5.11 The  of natural and oil-coated illite (), kaolinite (), montmorillonite (), and 
chlorite () in the absence and presence of 67 and 334 µmol/L at 0.7 M: (a) natural clays in the 
absence of As
V
, (b) oil-coated clays in the absence of As
V
, (c) natural clays in the presence of         
67 µmol/L, (d) oil-coated clays in the presence of 67 µmol/L, (e) natural clays in the presence of  
334 µmol/L, and (f) oil-coated clays in the presence of 334 µmol/L. 
 
5.3.5 Surface area 
The surface area varies depending on the adsorbents. Results for the clay surface 
area measurements (Table 5.1) are similar to those found in the literature 
(Goldberg, 2002). The surface areas for clay minerals are noticeably higher than 
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quartz sand (0.2 m
2
/g) (Apitz and Meyers-Schulte, 1995). Figure 5.12 shows the 
relationship between As
V
 adsorbed on natural clay minerals against surface area, 
after contact with 0.001 and 0.7 M NaCl solutions at initial pH 4 and 8.     
Chlorite, kaolinite, and montmorillonite display a similar trend, where increasing 
surface area produces a gentle enhancement in As
V
 adsorption with surface area. 
Illite, however, represents a clearly different trend with a steep slope increase in 
As
V
 adsorption. It is evident, therefore, that adsorption is not dependent on surface 
area alone. Surface areas were also measured after oil coating (Table 5.4), and in 
all cases the addition of oil causes a reduction of surface area. The surface area 
reduction indicates that oil coated the samples. The magnitude of surface area 
decreases with the amount of oil coating.  
 
 
Figure 5.12 Arsenate adsorbed (mol/g) against surface area (m2/g) on four clay minerals under 
four conditions. 
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5.3.6 FTIR 
The FTIR spectra of the oil-coated clays, with and without As
V
 adsorption  
(Figures 5.13-5.16), exhibit bands in the range of 1300-1750 and 2800-3000 1/cm 
corresponding to vibrations of the functional groups and alkyl chains in oil. 
Absorbances at 2953, 2924, 2870, and 2854 1/cm correspond to the following 
stretching vibrations: asymmetric -CH3, asymmetric -CH2-, symmetric -CH3, and 
symmetric -CH2- functional groups, respectively. These vibrations were used to 
normalize the FTIR spectra, assuming that their intensities (i.e., concentration 
of oil in the clays) are proportional to the intensities of those of the organic 
functional groups. After normalization of the spectra, it was possible to 
compare directly the intensity and shape of the functional groups in the several 
samples. 
 
The vibrations of functional groups are used in the range 1300-1750 1/cm because 
this area is free from clay bands and because bands of charged or polar functional 
groups that could play a role in As
V
 adsorption appear in this area of the spectrum. 
The oil used in this study has four prominent bands at 1378, 1458, 1600, and 1710 
1/cm. The bands at 1710 and 1600 1/cm are attributed to the vibrations of -C=O 
stretching and asymmetric -COO
-
 stretching of carboxylic acid, respectively 
(Yoon et al., 2005). The band at 1458 possibly corresponds to symmetric -COO
-
 
stretching (Yoon et al., 2005) plus -CH2- scissoring deformation (Sedman, 2000) 
and that at 1378 1/cm could correspond to -CH deformation (Parbhakar et al., 
2007). The bands of positively charged groups such as -NH4
+
 where As
V
 
adsorption could take place are also within this range, at ~ 1630 1/cm (Parbhakar 
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et al., 2007), although they could not be identified. There are no consistent 
changes in FTIR data for oil-coated clay minerals before and after As
V
 adsorption. 
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Figure 5.13 FTIR spectra of illite at frequency between 200 and 4000 1/cm: a) clay, b) clay in 
water, c) clay in As
V 
334 mol/L, d) oil-coated clay, e) oil-coated clay in AsV 67 mol/L, f) oil-
coated clay in As
V
 134 mol/L, g) oil-coated clay in AsV 200 mol/L, h) oil-coated clay in AsV 
267 mol/L, and i) oil-coated clay in AsV 334 mol/L. 
 
 
Figure 5.14 FTIR spectra of chlorite at frequency between 200 and 4000 1/cm: a) clay, b) clay in 
water, c) clay in As
V 
334 mol/L, d) oil-coated clay, e) oil-coated clay in AsV 67 mol/L, f) oil-
coated clay in As
V
 134 mol/L, g) oil-coated clay in AsV 200 mol/L, h) oil-coated clay in AsV 
267 mol/L, and i) oil-coated clay in AsV 334 mol/L. 
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Figure 5.15 FTIR spectra of kaolinite at frequency between 200 and 4000 1/cm: a) clay, b) clay in 
water, c) clay in As
V 
334 mol/L, d) oil-coated clay, e) oil-coated clay in AsV 67 mol/L, f) oil-
coated clay in As
V
 134 mol/L, g) oil-coated clay in AsV 200 mol/L, h) oil-coated clay in AsV 
267 mol/L, and i) oil-coated clay in AsV 334 mol/L. 
 
 
Figure 5.16 FTIR spectra of montmorillonite at frequency between 200 and 4000 1/cm: a) clay,   
b) clay in water, c) clay in As
V 
334 mol/L, d) oil-coated clay, e) oil-coated clay in AsV 67 mol/L, 
f) oil-coated clay in As
V
 134 mol/L, g) oil-coated clay in AsV 200 mol/L, h) oil-coated clay in 
As
V
 267 mol/L, and i) oil-coated clay in AsV 334 mol/L. 
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5.4. DISCUSSION 
5.4.1 Zeta potential  
In this chapter, the analysis of the  values of clay particles in the absence and 
presence of As
V
 and in varying NaCl concentrations (Figures 5.10 and 5.11) is a key 
to understanding how As
V
 is adsorbed on the clay minerals. The presence of As
V
 has 
a similar effect as high NaCl concentrations, which is that of increasing the negative 
charge on the surface of the complex consisting of the clay particles and the 
surrounding ions that are carried with them in the water phase. The effect is 
interpreted as due to the adsorption of As
V
 and Cl
-
 anions through Na
+
 ions that act as 
bridges and which are directly adsorbed on the negatively charged surface of the clay 
minerals. The anions are attached to the Na
+
 with sufficient strength to travel with the 
clay particles, and thus they become the external charge detected by the 
electrophoresis method used to measure  This mode of adsorption would take place 
at the basal surface of the clays. This model explains the fact that the high NaCl 
concentration increases the retention of As
V
, because there are more Na
+
 ions 
available in solution to adsorb onto the clay surface in points with a partial negative 
charge. The amount of Na
+
 thus adsorbed on clay mineral surface can be higher than 
that required to neutralize the surface charge because these cations are also 
neutralized by the anions linked to them, namely As
V
 and Cl
-
. The same interpretation 
of Ca
2+
, instead of Na
+
 as in the present study, acting as bridges for As
V
 adsorption 
onto kaolinite was provided by Cornu et al. (2003). The Na
+
 bridging effect may be 
less than that of Ca
2+
 bridging due to different positive charge. The Na
+
 bridging is 
found in this study because of greater number of Na
+
 in the solution. 
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5.4.2 pH  
Arsenate adsorption is slightly lower at pH 8 than pH 4 (Figures 5.6-5.9).        
This effect is interpreted as pH affecting the charge at the edges of clay particles, 
with low pH values promoting protonation of the edges (and causing the existence 
of positive charge) and high pH values promoting their deprotonation (and 
causing a negative charge). This is precisely the process by which clays buffer the 
pH in solutions. A low pH and associated edge protonation facilitates the direct 
adsorption of As
V
 anions. A high pH, conversely, precludes direct adsorption of 
As
V
. When pH increases, the amount of positive charge provided by AlOH2
2+
 
decreased leading to weaker electrostatic forces between As
V
 and the clay 
minerals. There is excess OH
-
 to bind with clay minerals resulting in stronger 
electrostatic repulsion between As
V
 and clay surface. As a result the adsorption of 
As
V
 on clay minerals is lower at high pH. It could be possible, in principle, that at 
high pH As
V
 is adsorbed on the edges through Na
+
 bridging but no evidence of 
this is apparent.  
 
5.4.3 Surface area 
The montmorillonite surface area measured experimentally is that in the dry state. 
The swelling properties of montmorillonite are well known and this process can, 
theoretically, increase surface area when this clay mineral is in suspensions. In the 
0.7 M NaCl (seawater concentration) experiments, montmorillonite will flocculate 
and swelling will not occur. This suggestion is supported by data from laboratory 
experiments (Arora and Coleman, 1979) and observations in nature (Chamley, 
1989). In the 0.001 M NaCl (freshwater concentration) experiments the 
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preponderance of Mg
2+
 and Ca
2+
 versus Na
+
 as the interlayer cation produces 
infinite swelling, i.e., dislodging of the crystals and the corresponding increase of 
surface area (Newman, 1987). Water penetrates the interlayer of montmorillonite in 
such conditions but the interlayer space is not accessible to anions due to the 
restricted space and the electrostatic repulsion of the negative charge of the layers. 
Accordingly, the montmorillonite surface area measured in dry conditions is a good 
approximation to the surface area in suspension at both NaCl concentrations. Lower 
As
V
 adsorption is found for kaolinite and chlorite possibly due to the small surface 
areas and lesser amounts of positive charges at the edges, especially at low I. 
 
5.4.4 Inner-sphere and outer-sphere complexes  
Adsorption complexes can be classified as either inner-sphere, where the complex 
has no water molecules between the mineral surface and adsorbed ion or 
molecule, or outer-sphere, where at least one water molecule is interposed 
(Sposito et al., 1999). Regarding to the theory of Hayes et al. (1988) if the I does 
not affect the adsorption, an inner-sphere surface complexation is formed and, if 
there is change in adsorption with I, outer-sphere complexation must be present. 
The inner-sphere complex also includes that the adsorption increases with 
increasing I. By this definition both adsorptions of As
V
 on basal surface and at 
clay edges occur as inner-sphere complexes. 
 
5.4.5 Oil presence  
The addition of oil to montmorillonite increases As
V
 adsorption. FTIR data imply 
that this adsorption does not occur on the oil itself. Increased As
V
 adsorption on 
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montmorillonite with an oil coating must, therefore, be a result of an increase in 
clay mineral surface area. As discussed, water can generate a greater surface area 
in these experiments. However, montmorillonite adsorbs organic molecules and 
frequently, this adsorption process represents a positive feedback, with adsorption 
promoting further adsorption. In such a scenario, clay mineral layers are separated 
as further adsorption occurs until complete and permanent split occurs.            
This process results in the increase in both natural surface area and oil-coated 
surface area.  
 
Natural montmorillonite has a higher specific surface area than its oil-coated 
equivalent (Tables 5.1 and 5.4). For oil-coated montmorillonite, the specific 
surface areas of the mineral when dry and in suspension are different. It is likely 
that the variation derives from the dry state oil-coated montmorillonite particles 
coalescing, thereby making the dry measurement unreliable. The XRD pattern of 
the oil-coated montmorillonite does not indicate an increase in layer spacing, 
indicating that the dislodged crystals do not come together again to form coherent 
diffraction domains when dry.  
 
The small area of the edge surface relative to basal surface of the clay particles 
explains the modest influence of edge protonation on As
V
 adsorption. Na
+
 bridging, 
promoted by increased NaCl concentrations, operates on the proportionally large areas 
of basal surfaces and therefore has a much greater effect on As
V
 adsorption. This 
model also explains that in all cases but montmorillonite (see below), As
V
 adsorption 
is reduced with oil coating following which fewer clay adsorption sites are accessible. 
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In addition, Na
+
 in oil may enhance the exchange with Ca
2+
 in the montmorillonite 
and this leads to more As
V
 adsorption. For other clays, due to a lack of swelling 
properties, oil causes the decrease in their surface area and then decreases in            
As
V
 adsorption due to a reduction in surface area on which As
V
 can be adsorbed. 
 
5.4.6 FTIR  
The FTIR spectra show that there are no consistent changes between the bands of 
clay-oil and clay-oil-As
V
 obtained in several conditions of pH and NaCl 
concentrations. Thus, As
V
 does not seem to adsorb on oil. This observation 
contrasts with previous results for oil-coated goethite that revealed some 
interaction between As
V
 and functional groups in the organic coating (Chapter 4; 
(Wainipee et al., 2010)). Note that FTIR band positions and intensities of oil could 
not be seen on 3.25 %  oil-coated clays, therefore only 32.5 %  oil-coated clays 
were analyzed in this chapter. The contrast observation with the As
V
 adsorption 
on oil-coated goethite may result from the tiny change or difference in FTIR 
intensities, implying the oil-As
V
 interaction, is difficult to be detected probably 
because of massive oil coating on clays. 
 
5.4.7 Adsorption model  
The data from the experiments show that there are many factors affecting the 
adsorption of As
V
 in the environment. In other words, the adsorption of As
V
 is a 
function of the following variables:  pH, NaCl, surface charge, charge density, and 
the amount of oil. In order to identify which variable is more important than the 
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other, I calculated multiple regressions with ‘ORIGIN’ software. The following 
equation from the program was used; 
 
          ...arg  oileechdareacNaClbpHaAsVads  
 
, where a, b, c, ... are the coefficients for each variable. The sign of each 
coefficient can indicate the positive and negative effect on the amount of As
V
 
adsorbed. The correlation coefficient (R
2
) is given by the software. If the equation 
gives high R
2
, the equation does contain the variable or variables controlling As
V
 
adsorption. Taking a parameter out at a time to identify the importance of each 
variable, the R
2
 is affected depending on the number of variables and the 
importance of each variable. 
 
Each variable is tested to determine whether it is one of the important variables 
impact on the As
V
 adsorption. This is identified by taking the tested variable out 
from the equation and see whether it affects the R
2
 value. If R
2
 does not decrease 
implying that this variable is not important. If R
2
 decrease implying that the 
variable has an impact on the adsorption. (However, it is also necessary to 
consider other elements that can affect R
2
; i) the total number of variables, 
because fewer variables (lower degree of freedom in the equation) may result in a 
lower R
2
, ii) the error intrinsic to the measurement of each variable. The larger 
error will introduce noise in the measurements that will result in the variable as 
appearing as less important). The combination of related variables is evaluated to 
see if the combination is more or less important than each individual variable.  
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The variables calculated independently are pH, NaCl, surface charge, surface 
charge density, and the amount of oil. The combination of variables that is 
considered to be related to the amount of As
V
 adsorbed are surface area of oil-
coated clay (the combination of surface area and oil), the surface area and surface 
charge density of natural clay (the combination of surface area and surface charge 
density), the surface area and charge density of oil-coated clay (the combination 
of surface area, oil amount, and charge density). Other variables are not combined 
because they affect the adsorption independently and not related to each other.  
 
The multiple variable analysis is test for all the clays individually but there are 
three categories present here; all clays, all clays but not montmorillonite and only 
montmorillonite. Three clays (kaolinte, chlorite, and illite) show a similar pattern 
of change for all their variables, whereas montmorillonite shows the opposite 
trend with respect to oil coating. 
 
Analysis of the R
2
 values indicates that, for all clay minerals together, the order of 
importance of the variables (Table 5.5) is surface charge density >> NaCl 
concentration > surface area > oil amount > initial pH. For all clay minerals but 
montmorillonite, the order is surface charge density >> NaCl concentration > surface 
area > initial pH > oil amount. Finally, for montmorillonite alone the order is NaCl 
concentration >> oil amount > surface area > initial pH. Surface area (measured in the 
natural clay) and oil amount are represent related variables, as they together generate 
the actual surface area available for As
V
 adsorption. Concordantly, in all cases, these 
two variables appear together in the above sequences.  
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However, the multiple regression analysis is only a mathematical tool to give an 
idea of the relative importance of the several variables in controlling As
V
 
adsorption. Considering that the calculated R
2
 values are affected by error in the 
measurements of the variables and number of variables present, these results are 
considered only as indicative, and not final. The final interpretation is carried out 
using experience and knowledge about the properties of clays. The multiple 
regression study may also serve as a confirmation of some ideas in the 
interpretation. 
 
Both Na
+
 bridging and edge protonation appear to occur on clay mineral surface. 
It follows, therefore, that the specific surface area of the clay minerals must be an 
important factor controlling As
V
 adsorption. However, the data in Figure 5.12 
indicate that surface area is not the only control, because adsorption on illite is 
much higher than that on montmorillonite, despite the greater surface area of 
the latter. Another important factor must be in effect and the most likely is 
variation in charge density at the surface of the clay mineral particles. Greater 
substitution of Al for Si in the illite tetrahedral sheet induces a higher charge 
density (Sposito et al., 1999) enabling the retention of more Na
+
 ions and these, in 
turn, will retain more As
V
 anions.  
 
A simple model that accommodates the combined effect of surface area and surface 
charge density was developed. Clay particles were considered as lamellae with 
dimensions a = b and c = a/25. This relation between the dimensions is one that is 
found in many clay minerals (Bailey, 1988). The c value corresponds to the vertical 
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dimension. Particles of different sizes from a = 10 nm to a = 5000 nm were 
created and their corresponding area/volume ratios calculated. Then, these values 
were plotted in the x axis vs. surface area/volume multiplied by surface charge 
density in the y axis. The values of the surface charge density for the clay 
minerals studied here were obtained from the literature. The selected values are 
kaolinite 0.064 C/m
2
 (Jozefaciuk, 2002), montmorillonite 0.12 C/m
2
 (Chang and 
Sposito, 1996), illite 0.49 C/m
2
 (Jozefaciuk, 2002), and chlorite 0.56 C/m
2
 (Sondi 
and Pravdic, 1998). 
 
However, the experimental measurements gave the surface area in terms of 
surface area/mass (m
2
/g). The comparison between the experimental plots of 
‘AsV adsorbed/mass against surface area/mass’ with the model is possible 
because the density of the three clays is similar. Assuming that the density is 
identical, the surface area per volume of any selected particle size is equivalent 
to the specific surface area (surface area per mass) as shown in Figure 5.12.  
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Table 5.5 Multiple regression of all experimental variables in the As
V
 adsorption experiments. Several regressions were performed using different number of 
variables. The values are the coefficients for each variable in the regression equation. 
R
2
 Initial pH NaCl Amount of oil 
in the coating 
process 
Surface charge 
density of the 
clay 
Surface area of 
the clay 
(natural) 
Surface 
area of the 
clay        
(oil-coated) 
Surface area of the 
clay (natural) x 
surface charge density 
Surface area  of the 
clay (oil-coated) x 
surface charge density 
All clays 
0.745 -0.145 2.864 -0.053 19.417 0.030    
0.741  2.864 -0.053 19.417 0.030    
0.706 -0.136  -0.058 19.552 0.033    
0.710 -0.145 2.864  19.417 0.030    
0.144 -0.145 2.864 -0.053  0.030    
0.707 -0.145 2.864 -0.053 19.417     
0.674 -0.145 2.864 -0.053    0.611  
0.686 -0.145 2.864  19.431  0.024   
0.531 -0.145 2.864      0.717 
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Table 5.5 Multiple regression of all experimental variables in the As
V
 adsorption experiments. Several regressions were performed using different number of 
variables. The values are the coefficients for each variable in the regression equation. [continued] 
R
2
 Initial pH NaCl Amount of oil 
in the coating 
process 
Surface charge 
density of the 
clay 
Surface area of 
the clay 
(natural) 
Surface 
area of the 
clay        
(oil-coated) 
Surface area of the 
clay (natural) x 
surface charge density 
Surface area  of the 
clay (oil-coated) x 
surface charge density 
All clays but montmorillonite 
0.877 -0.081 1.441 -0.110 19.701 0.029    
0.860  1.532 -0.102 18.769 0.045    
0.866 -0.081  -0.110 19.701 0.029    
0.750 -0.087 1.532  18.769 0.045    
0.620 -0.087 1.532 -0.102  0.315    
0.858 -0.087 1.532 -0.102 20.654     
0.862 -0.087 1.532 -0.102    0.691  
0.875 -0.087 1.532  0.214  16.041   
0.826 -0.087 1.532      1.012 
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Table 5.5 Multiple regression of all experimental variables in the As
V
 adsorption experiments. Several regressions were performed using different number of 
variables. The values are the coefficients for each variable in the regression equation. [continued] 
R
2
 Initial pH NaCl Amount of oil 
in the coating 
process 
Surface charge 
density of the 
clay 
Surface area of 
the clay 
(natural) 
Surface 
area of the 
clay        
(oil-coated) 
Surface area of the 
clay (natural) x 
surface charge density 
Surface area  of the 
clay (oil-coated) x 
surface charge density 
Montmorillonite only 
0.948 -0.302 6.670 0.099 -31.512 0.055    
0.871  6.860 0.095 -36.056 0.042    
0.291 -0.302  0.099 16.038 0.018    
0.680 -0.319 6.860  -26.628 0.070    
0.954 -0.319 6.860 0.095  0.092    
0.730 -0.319 6.860 0.095 -6.948     
0.803 -0.319 6.860  -0.029  2.583   
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Figure 5.17 shows the plot of the surface area per volume multiplied by surface 
charge density versus the surface area per volume for the several clay minerals. 
The higher the charge density the steeper the line. Comparison between Figures 
5.12 and 5.17 shows that the simplified model works reasonably well in 
reproducing the relative As
V
 adsorption from the experimental values, and that 
surface area (per volume) multiplied by surface charge density is a good proxy for 
the amount of adsorbed As
V
. In other words, the model is a good proof that the 
amount of adsorbed As
V
 is a function of the product between the surface area and 
the surface charge density of the clays. 
 
 
Figure 5.17 Surface area per volume times surface charge density against surface area per volume 
for four clay minerals. 
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5.5. CONCLUSION  
Oil is a pollutant of both freshwater and seawater environments. Contained within 
oil are As concentrations that greatly exceed those of natural waters. Both oil and 
As are, therefore, environmentally deleterious constituents sourced from 
petroleum production activities. A natural sink for As and oil is the surfaces of 
sedimentary minerals which provide effective adsorption sites. Interactions of As 
and clay minerals at high and low NaCl concentrations reveal that As, present as 
the As
V
 anion, adsorbs onto the negatively charged basal layer of clay minerals by 
Na
+
 bridging. This process is particularly effective at high NaCl concentrations 
and where clay minerals have substantial amounts of substitution of Al for Si in 
their tetrahedral layers. Investigations of As
V
 and clay minerals at low and high 
pH reveal that As
V
 anions adsorb directly at clay edges. This process is especially 
notable at low pH when clay edges are protonated. Studies of oil, As
V
, and clay 
minerals together reveal that the oil coats clay mineral surface and hinders the 
adsorption of As
V
. Therefore the effect of oil and As
V
 combined is more 
damaging than each alone. The blocking effect of oil forces As
V
 to accumulate in 
the environment. The addition of clay minerals to a list of known oil-mineral-As
V
 
systems represents a further step forward in the understanding of the 
biogeochemical cycling of As. 
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6. THERMODYNAMIC AND KINETIC CONSTRAINTS 
OF ARSENATE ADSORPTION ON GOETHITE AND 
CLAY MINERALS IN THE PRESENCE OF OIL 
COATING 
6.1. INTRODUCTION 
Crude oil spillage and concurrent release of toxic elements is a serious threat to 
the marine environment (Spackman et al., 1990; Zakaria et al., 2001; Cassella     
et al., 2002; Holdway, 2002; Gondal et al., 2006; Enwere et al., 2007; Oros et al., 
2007; Gawad et al., 2008; Guitart et al., 2008). The type and amount of toxic 
elements released are dependent on the origin of the oil (Cassella et al., 2002; 
Caumette et al., 2009). However, arsenic (As) in the forms of arsenite (As
III
) and 
arsenate (As
V
) is found at large concentrations in crude oil (Cramer et al., 1988) and 
has been detected in high concentrations in marine sediments after oil spills 
(Stigter et al., 2000; Krupp et al., 2007).  
 
This threat is in line with observations from oil spills associated with the Prestige 
accident in Spain in 2002, the first Gulf war in Kuwait in 1991, the Exxon Valdez 
accident in Alaska in 1989, and the oil spillage in Nigeria in 2003 demonstrating 
that heavy metal concentrations increased (and persist) in the marine ecosystems 
after the spills (Osuji and Onojake, 2004; Vega et al., 2009; Venosa et al., 2010).   
 
In the marine environment, As
III
 oxidises rapidly to As
V
 and is stable as the 
negatively charged species of H2AsO4
-
 and HAsO4
2-
 (Banerjee et al., 2008).        
In addition, the oil deposited onto the ocean bottom coats the sedimentary 
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minerals and modifies their properties including surface charge, reactivity, and 
surface area. This is important as the adsorption of As
V
 onto mineral surface plays 
a key control in As mobility and bioavailability in the natural environment (Saada 
et al., 2003; Muller et al., 2010).  
 
Previous work (Chapter 4; (Wainipee et al., 2010)) demonstrated that oil-coated 
goethite reduces As
V
 adsorption capacities in marine waters due to the decrease of 
available surface area. FTIR spectra showed evidence for significant oil and As
V
 
interaction. The adsorption of As
V
 is also reduced on oil-coated illite, kaolinite, 
and chlorite, but increased on oil-coated montmorillonite (Chapter 5). The latter 
surprising observation was interpreted as the effect of organic compounds 
penetrating the smectite interlayer space, pushing the layers apart and thus 
increasing the total surface area. The overall maximum adsorption capacity (Qmax) 
of As
V
 on clay minerals is lower than that on goethite, probably because of the 
negative surface charge of clay minerals, as opposed to the positive charge of 
goethite. 
 
To improve the understanding of As
V
 adsorption on oil-coated minerals, it is 
important to constrain the kinetics and thermodynamics of the adsorption reaction 
and the effect of changing temperatures. This is for the two following reasons. 
Firstly, thermodynamic parameters including Gibbs free energy, enthalpy and 
entropy (rGads, rHads, and rSads) give unique insights into the adsorption 
mechanism and the adsorbate-adsorbent complex, i.e., the spatial arrangement at the 
interface and structural changes (see e.g., Qinyan et al. (2009) for humic acid 
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adsorption on kaolinite). A very recent study found positive rGads, negative rSads 
and rHads for the As
V
 adsorption reaction onto dolomite at room temperature, 
leading to the conclusion that the resulting adsorption complex was inner-sphere 
with loose bonding between adsorbate and adsorbent (Salameh et al., 2010). 
Secondly, the activation energy (Ea) magnitude provides an estimate whether the 
reaction occurs by physical or chemical adsorption. The reaction for physical 
adsorption is reversible and equilibrium is attained rapidly with only small amount 
of energy required. The physical adsorption has an Ea not more than ~ 4 kJ/mol    
due to the weak forces involved (Unuabonah et al., 2007). It is referred to as 
physisorption. Chemical adsorption, referred to as chemisorption, is a specific 
process and involves stronger forces than that of physisorption.  
  
6.2. AIM AND OBJECTIVES   
The aim is to investigate the temperature dependence of As
V
 adsorption on goethite, 
illite, and montmorillonite with and without oil coating in aqueous solutions at pH 8 
and 0.7 M NaCl. These three minerals were chosen because they are dominant 
minerals in marine sediments and because previous work revealed different 
behaviour with respect to As
V
 adsorption (Chapters 4 and 5). The objectives of this 
work are to: 
1. Determine the effect of initial AsV concentration on kinetic adsorption 
2. Investigate the magnitude of AsV adsorption at different temperatures.  
3. Determine thermodynamic parameters (Kads, ∆rGads, ∆rHads, and ∆rSads) 
and assess the energy barrier for adsorption.  
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4. Identify the Ea of As
V
 adsorption on goethite, illite, and 
montmorillonite in the absence and presence of oil coating. 
5. Refine the previously proposed adsorption mechanisms of AsV on     
oil-coated minerals (Chapters 4 and 5). 
 
6.3. RESULTS AND DISCUSSION 
6.3.1 Kinetics of AsV adsorption on natural and oil-coated minerals  
6.3.1.1 Effect of initial AsV concentration 
The effect of initial As
V
 concentration on the adsorption equilibrium time was 
tested using concentrations of 67 and 200 mol/L. Figure 6.1 shows the results 
from the experiments conducted at 25 ˚C only, and other temperatures show 
similar trends. The higher initial As
V
 concentration results in a higher adsorption 
rate, thus it takes a longer time to adsorb the same amount of As
V
 on any 
particular mineral surface at lower initial As
V
 concentrations. For example, 
equilibrium of As
V
 adsorption on natural goethite in a solution with a starting 
concentration of 67 mol/L is attained after 360 min and with a starting 
concentration of 200 mol/L after 240 min. This effect is probably due to the 
higher number of As
V
 anions in the solution, leading to greater adsorption 
opportunities and, therefore, less time needed to reach equilibrium. Such an 
interpretation agrees well with the result from a previously published study 
(Selvakumar et al., 2010). When the adsorption is approaching equilibrium, the 
uptake of As
V
 decreases, especially at high concentrations, presumably due to the 
decrease in surface adsorption sites and the interionic repulsion between As
V
 
oxyanions and hydroxyl ions on the adsorbents.   
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Figure 6.1 The amount of As
V
 adsorbed on natural (- oil) and oil-coated (+ oil) goethite, illite, and 
montmorillonite at 0.7 M and pH 8 and at initial As
V
 concentrations ([As
V
]0) of 67 (, ) and 200 
(, ) mol/L.  
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6.3.1.2 Effect of temperature 
Figure 6.2 shows the amount of As
V
 adsorbed on natural and oil-coated goethite, 
illite, and montmorillonite at five different temperatures. The amount of As
V
 
adsorbed increases with increasing temperature and equilibrium time increases 
with decreasing temperature. For example, equilibrium is attained within two 
hours on natural goethite at temperatures higher than 35 ˚C and between four to 
six hours at and below 35 ˚C. This is because a higher temperature leads to higher 
As
V
 adsorption rates and therefore less time is needed for reaching equilibrium. 
Previous studies of heavy metal adsorption on minerals and organic substrates 
found a similar slight increase in adsorption when temperature was increased   
(Ho et al., 1996). Figures 6.1 and 6.2 show that the time needed to reach equilibrium 
is prolonged when the minerals are coated with oil, with the exception of 
montmorillonite. This is in line with the models suggested in Chapters 4 and 5 that the 
oil blocks surface sites of the minerals and it takes a longer time for As
V
 to reach all 
available surface sites. Oil coating on montmorillonite increases the surface area and 
thus less time is required for reaching equilibrium. 
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Figure 6.2 The amount of As
V
 adsorbed on natural and oil-coated goethite, illite, and 
montmorillonite at 0.7 M and pH 8 and at initial As
V
 concentration ([As
V
]0) of 67 mol/L at 5 (), 
25 (), 35 (), 45 (), and 55 () ˚C. Error bars represent ± 1SD, determined from triplicate 
analyses.  
 
6.3.1.3 Reaction rates 
Figure 6.3 shows that As
V
 adsorption fits well the pseudo second order model with 
high correlation coefficients (R
2
 >0.96). The higher the temperature, the better the 
correlation coefficients (R
2
 ranging between 0.9640 and 1.0000). The rate constants 
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for pseudo first and pseudo second order models are listed in Table 6.1. They vary 
widely within the investigated concentration ranges and the type of adsorbents.  
 
The rate constant for As
V
 adsorption on goethite ranges between 0.2 and 2.4 x 10
-3
 
g/mol/min (natural) and between 0.5 and 3.3 x 10-3 g/mol/min (oil-coated).  
The rate constant for As
V
 adsorption on illite ranges between 7.7 and 23.4 x 10
-3
 
g/mol/min (natural) and between 1.2 and 9.0 x 10-3 1/min (oil-coated). The rate 
constant for As
V
 adsorption on montmorillonite ranges between 23.3 and 511.7 x 10
-3
 
g/mol/min (natural) and between 10.0 and 201.0 x 10-3 g/mol/min (oil-coated). 
The different rate constants can be related to factors such as the difference in 
initial adsorbate concentration, the adsorbent and adsorbate, the adsorbent to 
adsorbate ratio, and experimental conditions (different T). 
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Figure 6.3 Pseudo second order models for As
V
 adsorption on (a) natural goethite, (b) oil-coated 
goethite, (c) natural illite, (e) natural montmorillonite, and (f) oil-coated montmorillonite, and 
pseudo first order model for As
V
 adsorption on (d) oil-coated illite with initial As
V
 concentration 
([As
V
]0) of 200 mol/L at five different temperatures.  
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Table 6.1 Pseudo first (k1) and pseudo second (k2) order rate constants and experimental (qe,exp) and calculated (qe,cal) amount of adsorbed As
V
 on goethite, 
illite, and montmorillonite at five temperatures. 
Minerals-As
V
 
system 
Temp 
(˚C) 
[As
V
]0 
(µmol/L) 
qe,exp 
(µmol/g) 
Pseudo first order kinetic model  Pseudo second order kinetic model 
k1 (1/min) qe,cal (µmol/g) R
2
  k2 (g/µmol/min) qe,cal (µmol/g) R
2
 
Natural goethite 
 
5 66.7 46.43 9.21 x 10
-3
 33.17 0.8750  0.42 x 10
-3
 51.81 0.9925 
5 200.2 48.96 10.13 x 10
-3
 23.71 0.7665  0.73 x 10
-3
 53.48 0.9959 
5 333.7 52.17 5.99 x 10
-3
 15.47 0.4656  1.74 x 10
-3
 53.76 0.9987 
25 66.7 52.29 8.98 x 10
-3
 46.21 0.9695  0.30 x 10
-3
 50.25 0.9882 
25 200.2 52.70 8.29 x 10
-3
 17.41 0.6375  0.90 x 10
-3
 55.87 0.9985 
25 333.7 52.97 23.2 x 10
-3
 47.10 0.6108  1.67 x 10
-3
 60.98 0.9958 
35 66.7 54.58 7.83 x 10
-3
 53.21 0.9928  0.19 x 10
-3
 62.89 0.9937 
35 200.2 60.39 9.44 x 10
-3
 28.62 0.7576  0.57 x 10
-3
 66.23 0.9976 
35 333.7 61.57 6.22 x 10
-3
 13.88 0.5043  0.73 x 10
-3
 67.57 0.9809 
45 66.7 57.74 27.18 x 10
-3
 24.18 0.9439  1.76 x 10
-3
 58.48 0.9988 
45 200.2 61.07 7.37 x 10
-3
 13.58 0.7486  2.38 x 10
-3
 66.23 0.9996 
45 333.7 63.83 2.53 x 10
-3
 7.20 0.6401  2.44 x 10
-3
 64.10 0.9996 
55 66.7 59.13 9.21 x 10
-3
 24.09 0.8845  0.60 x 10
-3
 60.24 0.9997 
55 200.2 63.96 6.45 x 10
-3
 8.50 0.5445  1.24 x 10
-3
 67.11 0.9998 
55 333.7 64.34 18.42 x 10
-3
 55.44 0.9958  2.19 x 10
-3
 66.67 0.9987 
Oil-coated 
goethite 
 
5 66.7 16.95 6.45 x 10
-3
 17.75 0.9613  0.54 x 10
-3
 20.37 0.6756 
5 200.2 23.42 7.37 x 10
-3
 18.43 0.9311  0.58 x 10
-3
 22.94 0.9887 
5 333.7 23.34 7.60 x 10
-3
 10.16 0.4167  2.62 x 10
-3
 28.49 0.9922 
25 66.7 17.36 7.37 x 10
-3
 16.66 0.8707  0.49 x 10
-3
 21.93 0.9640 
25 200.2 25.33 8.06 x 10
-3
 21.21 0.9000  0.62 x 10
-3
 28.33 0.9738 
25 333.7 27.79 23.26 x 10
-3
 15.83 0.9650  3.27 x 10
-3
 30.58 0.9998 
35 66.7 21.27 6.68 x 10
-3
 10.93 0.7771  1.36 x 10
-3
 22.73 0.9952 
35 200.2 27.47 7.14 x 10
-3
 15.61 0.8978  1.36 x 10
-3
 30.12 0.9958 
35 333.7 30.66 14.74 x 10
-3
 17.20 0.7159  1.71 x 10
-3
 30.30 0.9935 
45 66.7 26.09 7.14 x 10
-3
 17.49 0.9390  0.88 x 10
-3
 28.65 0.9978 
45 200.2 30.08 6.45 x 10
-3
 13.77 0.8912  1.08 x 10
-3
 30.86 0.9989 
45 333.7 31.00 6.68 x 10
-3
 18.28 0.9247  1.47 x 10
-3
 31.95 0.9958 
55 66.7 29.36 6.68 x 10
-3
 18.67 0.9735  0.49 x 10
-3
 30.12 0.9984 
55 200.2 31.31 7.37 x 10
-3
 21.74 0.9641  0.77 x 10
-3
 32.79 0.9899 
55 333.7 32.48 6.68 x 10
-3
 26.07 0.9912  0.97 x 10
-3
 35.97 0.9911 
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Table 6.1 Pseudo first (k1) and pseudo second (k2) order rate constants and experimental (qe,exp) and calculated (qe,cal) amount of adsorbed As
V
 on goethite, 
illite, and montmorillonite at five temperatures. [continued] 
Minerals-As
V
 
system 
Temp 
(˚C) 
[As
V
]0 
(µmol/L) 
qe,exp 
(µmol/g) 
Pseudo first order kinetic model  Pseudo second order kinetic model 
k1 (1/min) qe,cal (µmol/g) R
2
  k2 (g/µmol/min) qe,cal (µmol/g) R
2
 
Natural illite 
 
5 66.7 10.15 3.22 x 10
-3
 2.82 0.9343  7.71 x 10
-3
 10.13 0.9988 
5 200.2 10.15 2.99 x 10
-3
 2.10 0.3418  8.93 x 10
-3
 10.43 0.9983 
5 333.7 10.58 4.38 x 10
-3
 2.79 0.9382  11.15 x 10
-3
 10.28 0.9995 
25 66.7 10.25 0.69 x 10
-3
 0.83 0.0228  11.80 x 10
-3
 10.46 0.9996 
25 200.2 10.31 4.38 x 10
-3
 2.03 0.4883  17.57 x 10
-3
 10.40 0.9995 
25 333.7 10.88 3.68 x 10
-3
 2.02 0.9046  23.36 x 10
-3
 10.52 0.9998 
35 66.7 10.56 3.45 x 10
-3
 1.62 0.8026  17.20 x 10
-3
 10.18 0.9998 
35 200.2 11.66 1.84 x 10
-3
 1.13 0.1506  22.67 x 10
-3
 11.66 0.9996 
35 333.7 12.32 9.21 x 10
-3
 2.05 0.8857  22.73 x 10
-3
 12.35 0.9997 
45 66.7 11.95 4.15 x 10
-3
 2.11 0.8944  14.25 x 10
-3
 11.55 0.9993 
45 200.2 11.94 0.46 x 10
-3
 1.17 0.0082  15.14 x 10
-3
 12.17 0.9992 
45 333.7 12.55 8.29 x 10
-3
 2.22 0.9738  19.52 x 10
-3
 12.61 0.9998 
55 66.7 12.11 6.68 x 10
-3
 2.22 0.9062  14.36 x 10
-3
 11.96 0.9996 
55 200.2 12.42 0.46 x 10
-3
 1.13 0.0945  14.57 x 10
-3
 12.42 0.9990 
55 333.7 12.70 8.75 x 10
-3
 2.13 0.9512  16.03 x 10
-3
 12.74 0.9997 
Oil-coated illite 
 
5 66.7 0.49 1.84 x 10
-3
 0.38 0.9705  20.37 x 10
-3
 0.33 0.9465 
5 200.2 0.60 3.45 x 10
-3
 1.15 0.7734  5.36 x 10
-3
 0.26 0.4599 
5 333.7 5.71 2.99 x 10
-3
 2.36 0.9303  0.32 x 10
-3
 3.92 0.9846 
25 66.7 1.37 1.15 x 10
-3
 1.30 0.9523  4.26 x 10
-3
 0.52 0.7304 
25 200.2 1.99 4.15 x 10
-3
 2.12 0.7963  2.53 x 10
-3
 1.49 0.5206 
25 333.7 6.68 8.06 x 10
-3
 4.69 0.9764  0.75 x 10
-3
 6.78 0.8416 
35 66.7 1.45 1.38 x 10
-3
 1.61 0.9482  0.18 x 10
-3
 0.30 0.0193 
35 200.2 2.80 2.76 x 10
-3
 2.62 0.7853  2.83 x 10
-3
 2.54 0.3772 
35 333.7 11.38 8.98 x 10
-3
 7.84 0.9988  0.50 x 10
-3
 12.35 0.9095 
45 66.7 2.11 1.38 x 10
-3
 2.25 0.9912  0.26 x 10
-3
 0.91 0.0145 
45 200.2 4.58 2.53 x 10
-3
 2.74 0.9294  0.51 x 10
-3
 2.71 0.2332 
45 333.7 11.72 5.30 x 10
-3
 7.18 0.9952  0.67 x 10
-3
 9.46 0.9715 
55 66.7 2.30 1.61 x 10
-3
 2.40 0.9700  1.02 x 10
-3
 1.52 0.1379 
55 200.2 5.83 5.30 x 10
-3
 3.58 0.9239  0.98 x 10
-3
 3.79 0.8667 
55 333.7 11.81 6.45 x 10
-3
 7.63 0.9980  0.65 x 10
-3
 10.12 0.9651 
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Table 6.1 Pseudo first (k1) and pseudo second (k2) order rate constants and experimental (qe,exp) and calculated (qe,cal) amount of adsorbed As
V
 on goethite, 
illite, and montmorillonite at five temperatures. [continued] 
Minerals-As
V
 
system 
Temp 
(˚C) 
[As
V
]0 
(µmol/L) 
qe,exp 
(µmol/g) 
Pseudo first order kinetic model  Pseudo second order kinetic model 
k1 (1/min) qe,cal (µmol/g) R
2
  k2 (g/µmol/min) qe,cal (µmol/g) R
2
 
Natural 
montmorillonite 
 
5 66.7 1.55 3.92 x 10
-3
 0.22 0.4578  29.89 x 10
-3
 1.49 0.9996 
5 200.2 3.02 0.92 x 10
-3
 2.01 0.0458  56.60 x 10
-3
 3.21 0.9985 
5 333.7 3.44 3.22 x 10
-3
 1.56 0.8335  93.61 x 10
-3
 3.40 0.9995 
25 66.7 1.64 8.75 x 10
-3
 0.62 0.9474  34.14 x 10
-3
 1.64 0.9994 
25 200.2 3.28 2.53 x 10
-3
 1.43 0.1335  37.93 x 10
-3
 3.34 0.9997 
25 333.7 3.56 4.38 x 10
-3
 1.64 0.5002  51.92 x 10
-3
 3.57 0.9997 
35 66.7 1.72 2.99 x 10
-3
 0.06 0.1078  27.33 x 10
-3
 1.70 1.0000 
35 200.2 3.32 2.07 x 10
-3
 1.72 0.1626  121.13 x 10
-3
 3.28 0.9995 
35 333.7 3.86 1.61 x 10
-3
 2.81 0.3050  184.48 x 10
-3
 3.79 1.0000 
45 66.7 1.82 5.53 x 10
-3
 0.34 0.8173  30.84 x 10
-3
 1.74 0.9994 
45 200.2 3.55 5.07 x 10
-3
 1.15 0.9723  34.49 x 10
-3
 3.48 0.9988 
45 333.7 4.03 7.60 x 10
-3
 1.83 0.7227  138.59 x 10
-3
 3.89 0.9905 
55 66.7 1.93 10.82 x 10
-3
 0.45 0.9345  23.30 x 10
-3
 1.97 0.9990 
55 200.2 3.88 1.61 x 10
-3
 3.48 0.2158  79.48 x 10
-3
 3.84 0.9998 
55 333.7 4.28 6.45 x 10
-3
 1.22 0.9034  511.74 x 10
-3
 4.24 0.9991 
Oil-coated 
montmorillonite 
 
5 66.7 1.87 15.43 x 10
-3
 0.46 0.7554  9.95 x 10
-3
 1.88 0.9996 
5 200.2 3.56 2.07 x 10
-3
 5.27 0.0946  40.08 x 10
-3
 3.64 0.9994 
5 333.7 5.04 4.61 x 10
-3
 1.93 0.4686  68.25 x 10
-3
 5.17 0.9983 
25 66.7 1.95 5.99 x 10
-3
 0.27 0.8182  34.71 x 10
-3
 1.88 0.9987 
25 200.2 3.81 2.76 x 10
-3
 1.99 0.3473  62.62 x 10
-3
 4.07 0.9988 
25 333.7 5.12 3.22 x 10
-3
 1.77 0.4374  92.67 x 10
-3
 4.98 0.9994 
35 66.7 2.07 3.68 x 10
-3
 0.23 0.4884  43.28 x 10
-3
 2.02 0.9990 
35 200.2 3.96 1.61 x 10
-3
 2.23 0.0529  64.76 x 10
-3
 3.94 0.9977 
35 333.7 5.23 1.15 x 10
-3
 2.65 0.0333  122.92 x 10
-3
 5.22 1.0000 
45 66.7 2.24 11.75 x 10
-3
 1.02 0.9333  11.03 x 10
-3
 2.31 0.9998 
45 200.2 4.23 5.53 x 10
-3
 1.96 0.9043  32.80 x 10
-3
 4.18 0.9975 
45 333.7 5.25 0.92 x 10
-3
 1.57 0.0543  199.85 x 10
-3
 5.17 0.9991 
55 66.7 2.33 8.98 x 10
-3
 0.75 0.8077  41.27 x 10
-3
 2.37 0.9998 
55 200.2 4.52 0.46 x 10
-3
 3.11 0.0071  60.34 x 10
-3
 4.52 0.9999 
55 333.7 5.58 3.45 x 10
-3
 2.45 0.5170  201.03 x 10
-3
 5.54 1.0000 
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6.3.2 Changes in adsorption capacity as a function of temperature  
Figure 6.4 shows the maximum As
V
 adsorption on natural and oil-coated three 
mineral surface at five different temperatures studied. Table 6.2 lists the 
experimentally determined Langmuir and Freundlich model parameters for the 
adsorption isotherms. The largest adsorption is observed on natural and on oil-
coated goethite, followed by illite and montmorillonite. The Langmuir model 
shows the best fit for the experimental data for all studied systems and 
temperatures. The Qmax increases with increasing temperature in all systems. 
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Table 6.2 Langmuir and Freundlich constants for As
V
 adsorption on natural and oil-coated goethite, illite, and 
montmorillonite at five temperatures. Errors represent ± 1SD, determined from triplicate analyses. 
Minerals-As
V
 
system 
Temp 
(˚C) 
Langmuir Freundlich 
1/Qmax Qmax (µmol/g) R
2
 log Kf Kf (L/g) R
2
 
Natural goethite 5 0.025 ± 0.008 40.7 ± 11.8 0.999 1.63 ± 0.11 5.10 ± 0.56 0.006 
25 0.019 ± 0.002 51.8 ± 5.2 0.998 1.47 ± 0.09 4.36 ± 0.40 0.814 
35 0.019 ± 0.001 54.1 ± 3.6 0.999 1.63 ± 0.01 5.11 ± 0.07 0.830 
45 0.018 ± 0.002 57.1 ± 4.9 0.990 1.47 ± 0.03 4.33 ± 0.14 0.881 
55 0.0171 ± 0.0001 58.5 ± 0.2 0.999 1.46 ± 0.04 4.32 ± 0.18 0.895 
Oil-coated 
goethite 
5 0.060 ± 0.018 16.7 ± 5.1 0.976 1.13 ± 0.22 3.08 ± 0.65 0.189 
25 0.048 ± 0.008 21.0 ± 3.6 0.988 1.24 ± 0.05 3.46 ± 0.16 0.225 
35 0.039 ± 0.007 25.8 ± 5.4 0.992 1.18 ± 0.15 3.26 ± 0.49 0.789 
45 0.036 ± 0.006 28.1 ± 5.7 0.996 1.21 ± 0.13 3.36 ± 0.44 0.745 
55 0.0311 ± 0.0008 32.2 ± 0.8 0.997 0.95 ± 0.05 2.58 ± 0.12 0.941 
Natural illite 5 0.091 ± 0.003 11.0 ± 0.4 0.998 0.49 ± 0.02 1.63 ± 0.03 0.814 
25 0.082 ± 0.003 12.2 ± 0.4 0.997 0.37 ± 0.007 1.44 ± 0.01 0.906 
35 0.0787 ± 0.0008 12.7 ± 0.1 0.997 0.65 ± 0.03 1.91 ± 0.06 0.931 
45 0.078 ± 0.001 12.9 ± 0.2 0.997 0.656 ± 0.008 1.93 ± 0.01 0.822 
55 0.076 ± 0.003 13.2 ± 0.5 0.995 0.68 ± 0.02 1.97 ± 0.03 0.797 
Oil-coated illite 5 0.354 ± 0.098 2.8 ± 0.8 0.879 0.74 ± 0.13 0.48 ± 0.06 0.918 
25 0.192 ± 0.006 5.2 ± 0.2 0.993 0.11 ± 0.01 0.90 ± 0.01 0.994 
35 0.130 ± 0.002 7.7 ± 0.1 0.995 0.13 ± 0.03 1.14 ± 0.03 0.981 
45 0.127 ± 0.002 7.9 ± 0.1 0.979 0.09 ± 0.02 1.09 ± 0.02 0.992 
55 0.105 ± 0.008 9.5 ± 0.7 0.987 0.20 ± 0.06 1.22 ± 0.07 0.992 
Natural 
montmorillonite 
 
5 0.291 ± 0.063 3.4 ± 0.7 0.988 0.55 ± 0.18 0.58 ± 0.10 0.954 
25 0.271 ± 0.040 3.7 ± 0.6 0.997 0.72 ± 0.08 0.49 ± 0.04 0.973 
35 0.197 ± 0.009 5.1 ± 0.2 0.991 1.13 ± 0.10 0.32 ± 0.03 0.983 
45 0.144 ± 0.027 7.0 ± 1.5 0.982 1.12 ± 0.16 0.33 ± 0.05 0.986 
55 0.112 ± 0.048 8.9 ± 3.8 0.460 1.20 ± 0.25 0.30 ± 0.08 0.941 
Oil-coated 
montmorillonite 
 
5 0.165 ± 0.026 6.1 ± 1.1 0.997 0.37 ± 0.18 0.69 ± 0.12 0.983 
25 0.155 ± 0.017 6.5 ± 0.8 0.998 0.49 ± 0.08 0.61 ± 0.05 0.990 
35 0.135 ± 0.033 7.4 ± 1.6 0.980 0.73 ± 0.25 0.48 ± 0.12 0.992 
45 0.133 ± 0.005 7.5 ± 0.3 0.977 0.63 ± 0.06 0.53 ± 0.03 0.987 
55 0.112 ± 0.003 9.0 ± 0.2 0.994 0.90 ± 0.07 0.41 ± 0.03 0.994 
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For natural minerals, Qmax values range between 40.7 and 58.5 mol As
V
/g, 11.0 and 
13.2 mol AsV/g, and 3.4 and 8.9 mol AsV/g (n=15) for goethite, illite, and 
montmorillonite, respectively (Table 6.2). The observed high Qmax values for goethite 
are likely due to the positive surface charge of the mineral surface leading to 
electrostatic attraction with the negatively charged As
V
 oxyanion. Montmorillonite 
has greater surface area (77.82 m
2
/g) (Chapter 5; Table 5.1) than goethite (35.4 m
2
/g) 
but shows lower As
V
 adsorption due to the negative surface charge and the 
subsequent electrostatic repulsion with the As
V
 oxyanion (Delgado et al., 1986; 
Chang and Sposito, 1996). The As
V
 adsorption observed on clay minerals is 
possibly due to Na
+
 bridging (Schlautman and Morgan, 1994; Zhou et al., 
1994; Chorover and Amistadi, 2001). The Qmax values at 25 ˚C from this work 
agree well with previous study (Chapter 4; (Wainipee et al., 2010)). 
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Figure 6.4 Maximum adsorption capacity of As
V
 (mol/g) on natural and oil-coated 
(a) goethite, (b) illite, and (c) montmorillonite at initial As
V
 concentrations ([As
V
]0) 
of 67, 200, and 334 µmol/L at five temperatures. Error bars represent ± 1SD, 
determined from triplicate analyses. 
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For oil-coated minerals, the Qmax values reduce to between 16.7 and 32.2 mol/g 
(45 to 58 %) for goethite and 2.8 and 9.5 mol/g (28 to 75 %) for illite, in line 
with the observed reduction of surface areas. In contrast, oil-coated montmorillonite 
shows an increase in adsorption ranging between 6.1 and 9.0 mol/g (1 to 44 %). 
It is possibly due to the pulling apart of montmorillonite layers due to organic 
molecules penetrating the interlayer space and breaking up the smectite 
crystallites, with a concomitant increase of the surface area. 
  
6.3.3 Thermodynamic parameters of AsV adsorption on natural and 
oil-coated minerals  
Table 6.3 shows the experimentally determined (rHads and rSads) and the 
calculated (rGads) thermodynamic parameters for As
V
 adsorption in all studied 
systems. The plots in ln Kads vs. 1/T space used to obtain the parameters are 
shown in Figure 6.5. Each of the parameters is examined independently below. 
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Table 6.3 Thermodynamic parameters for the adsorption of As
V
 ([As
V
]0 = 67 mol/L) on natural and oil-coated goethite (1 g/L), illite (20 g/L), and 
montmorillonite (20 g/L) at 0.7 M, pH 8. 
 
Minerals-As
V
 system rGads (kJ/mol) rHads  
(kJ/mol) 
rSads 
(J/mol/K) 
R
2
 
5 ˚C 25 ˚C 35 ˚C 45 ˚C 55 ˚C 
Natural goethite 0.42 ± 6.32 -2.15 ± 6.78 -3.44 ± 7.00 -4.72 ± 7.23 -6.00 ± 7.46 36.10 ± 7.15 128.38 ± 22.71 0.9482 
Oil-coated goethite 2.81 ± 6.57 -0.11 ± 7.04 -1.57 ± 7.28 -3.03 ± 7.52 -4.50 ± 7.75 43.47 ± 7.43 146.24 ± 23.62 0.9325 
Natural illite -1.69 ± 3.85 -2.88 ± 4.13 -3.47 ± 4.27 -4.06 ± 4.41 -4.66 ± 4.55 14.81 ± 4.36 59.35 ± 13.85 0.8476 
Oil-coated illite 2.65 ± 4.63 0.72 ± 4.96 -0.25 ± 5.13 -1.21 ± 5.29 -2.18 ± 5.46 29.47 ± 5.23 96.48 ± 16.63 0.8196 
Natural montmorillonite 0.82 ± 1.71 0.31 ± 1.84 0.05 ± 1.90 -0.21 ± 1.96 -0.46 ± 2.02 7.94 ± 1.94 25.62 ± 6.15 0.9041 
Oil-coated montmorillonite 0.35 ± 2.29 -0.60 ± 2.45 -1.08 ± 2.54 -1.55 ± 2.62 -2.03 ± 2.70 13.54 ± 2.59 47.46 ± 8.23 0.9641 
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Figure 6.5 ln Kads against 1/T of (a) goethite, (b) illite, and (c) montmorillonite in the absence () 
and presence () of oil and initial AsV concentration ([AsV]0) of 67 mol/L. 
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6.3.3.1 The reaction enthalpy (rHads) 
The rHads values of the As
V
 adsorption on natural and oil-coated minerals are 
positive (Table 6.3). For natural mineral surface, the rHads values are 36.1 ± 7.2 
kJ/mol for goethite, 14.8 ± 4.4 kJ/mol for illite, and 7.9 ± 1.9 kJ/mol for 
montmorillonite. For oil-coated minerals, the rHads values are 43.5 ± 7.4 kJ/mol 
for goethite, 29.5 ± 5.2 kJ/mol for illite, and 13.5 ± 2.6 kJ/mol for montmorillonite. 
A significant increase in the rHads is observed for the adsorption of As
V
 on oil-
coated minerals relative to the natural minerals. The adsorption of the As
V
 
oxyanion is therefore endothermic on natural and oil-coated minerals. This is in 
line with the observed increase in Qmax as recorded for all the minerals with 
increasing temperature as observed in this study (Table 6.2) and in previous work 
(Chapter 4; (Wainipee et al., 2010)). At higher temperature, the movement of the 
As
V
 oxyanion is faster and more opportunity for As
V
 to contact with the mineral 
surface exists. This appears to lead to a greater amount of As
V
 adsorbed. The data 
also imply that warmer waters are more susceptible to the effects of oil coating, in 
agreement with previously published work (Scheckel and Sparks, 2001).  
 
The rHads identifies energy changes during adsorption and relates to binding 
forces at the surface (Oepen et al., 1991; Avramidis, 1992). The rHads for van der 
Waals forces is roughly between 1 and 2 kJ/mol, for hydrophobic forces about     
4 kJ/mol, for direct and induced ion-dipole and dipole-dipole interaction forces 
between 2 and 29 kJ/mol, for hydrogen bond forces between 2 and 40 kJ/mol, and 
for the ligand-exchange and ion-bonding forces about 40 kJ/mol. The rHads 
values observed during the interaction of As
V
 on natural and oil-coated minerals 
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(Table 6.3) suggest that the adsorption involves a variety of binding forces.      
The rHads value of the As
V
 adsorption on goethite (36.1 kJ/mol) is in line with 
the previously suggested ligand-exchange mechanism and a corresponding release 
of the hydroxide anion. The rHads values for the clay minerals are smaller, 
suggesting that the adsorption of As
V 
on illite and montmorillonite is weaker and 
involves direct and induced ion-dipole and dipole-dipole interaction and hydrogen 
bond forces. This is in line with spectroscopic evidence that outer-sphere complex 
and chemisorption may be found for metal adsorption at the edge of illite (Elzinga 
and Sparks, 2001). 
 
Within the 95 % confidence interval, the rHads for oil-coated and natural 
goethite is identical (43.5 ± 7.4 kJ/mol and 36.1 ± 7.2 kJ/mol, respectively). This 
observation is in line with the previously proposed adsorption model that As
V
 
can bind covalently to surface groups on the goethite as well as to the oil, the 
latter compensating for the enthalpy loss due to decreased mineral surface 
binding sites (Chapter 4; (Wainipee et al., 2010)). With respect to the studied 
clay minerals, the rHads value of oil-coated illite (29.5 ± 5.2 kJ/mol) is significantly 
higher than that of natural illite (14.8 ± 4.4 kJ/mol) and that of oil-coated 
montmorillonite (13.5 ± 2.6 kJ/mol) is greater than that of natural montmorillonite 
(7.9 ± 1.9 kJ/mol). 
 
6.3.3.2 The reaction entropy (rSads)  
The entropy term of the adsorption reaction is related to changes in the spatial 
arrangement of the adsorption complexes on the mineral surface (Beristain     
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et al., 1996) and thus can indicate associative or dissociative adsorption 
mechanisms (Unuabonah et al., 2008). The associative mechanism is the 
adsorption process where a molecule is adsorbed on the mineral surface without 
fragmentation, while the dissociative mechanism is associated with fragmentation. 
Previous work suggested that changes in rSads greater than -10 J/mol/K are 
indicative of a dissociative adsorption (Scheckel and Sparks, 2001).  
 
The observed rSads values for the As
V
 adsorption reaction onto the studied minerals 
range between 128.4 ± 22.7 J/mol/K for goethite, 59.4 ± 13.9 J/mol/K for illite, and 
25.6 ± 6.2 J/mol/K for montmorillonite. These values agree well with those 
observed for As
III
 adsorption on China clay and fly ash (Singh et al., 2009). Several 
mechanisms could explain the positive rSads observed: (i) the adsorption of As
V
 
onto a mineral surface makes the surface more negatively charged, resulting in 
more electrostatic repulsion among the particles due to negative surface charge 
leading to more disorder; (ii) the release of OH
-
 into the solution in the case of 
goethite leads to more molecular movement and increasing disorder of the system; 
and  (iii) the release of hydration water from the clay mineral surface, which 
provides an entropic contribution favourable to the adsorption process (Castellini   
et al., 2005).  
 
The values of the rSads in this chapter agree with a dissociative adsorption 
mechanism, in line with the formation of a bi-dentate adsorption complex as 
suggested before (Waychunas et al., 1993; Waychunas et al., 1995; Hiemstra and 
Riemsdijk, 1999; D'Arcy et al., 2011). 
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6.3.3.3 The enthalpy-entropy compensation effect  
Recent work highlighted compensation between rHads and rSads as the 
mechanism of the adsorption process of metals on hydrophilic adsorbents. Such a 
compensation mechanism is highlighted by a strong correlation between rHads vs. 
rSads. Figure 6.6 shows the rHads vs. rSads plot for the adsorption of As
V 
on
 
the 
natural and oil-coated clay minerals and goethite in this study along with recently 
literature data from metal and dye adsorption on iron oxides and clay minerals. 
 
 
Figure 6.6 The enthalpy-entropy compensation plots for goethite (, ), illite (, ), and 
montmorillonite (, ) on natural (open symbols) and oil-coated (close symbols) minerals. 
Shown () are also reaction enthalpies and entropies of metal and dye adsorption on various low 
cost sorbents, including a range of clay minerals and iron oxides. Note the slopes between the data 
of this study and the data set of Ramesh et al. (2005) give different compensation temperature. 
Their data set has higher inverse slope value than this study because of higher experimental 
temperature used for their data set.  
 
A high correlation coefficient exists between rHads and rSads (R
2
=0.9899), 
suggesting that the enthalpy-entropy compensation is an important mechanism for 
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the adsorption of As
V
 on natural and oil-coated minerals. The inverse slope of the 
plot gives the compensation temperature (Tc), where every reaction follows the 
same rate (Gabas et al., 2000). The Tc for the As
V
 adsorption on goethite, illite, 
and montmorillonite, independent if the minerals are coated with oil or not, is      
~ 299 K. This temperature is significantly different for cationic metals (Ramesh  
et al., 2005), which is approximately 393 K (120 ˚C). It is because the difference 
in the temperature performed between their data set and this study. As known, the  
rHads and rSads are derived from thermodynamic experiments. They all together 
(rHads and rSads from each experimant) are plotted and show a straight line with 
a slope of 2.5463 (Ramesh et al., 2005) and this is used to calculate Tc value as 
stated earlier. The calculated Tc will fall in the experimental temperature range.   
A high correlation coefficient (R
2
) implies that there is strong relationship 
between rHads and rSads. The results from this study show that the plot between 
rHads and rSads is in line with other studies. The data set of Ramesh et al. (2005) 
was generated at a higher temperature than this study and hence the slope and the 
intercept of their correlated data are different. The comparision between the slope 
of this study and that of Ramesh et al. (2005) is only to express and confirm that 
there is high relationship between the rHads and rSads for every adsorption of 
different adsorbates in the same solution. 
 
The compensation effect is further evaluated by comparing the Tc with the 
harmonic mean temperature (Thm) calculated from the equation 
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, where ni is the total number of isotherms (Avramidis, 1992). The adsorption is 
entropy-controlled if Tc is smaller than Thm and enthalpy-controlled if Tc is larger. 
In this study, Tc is smaller than Thm (312.6 K), thus the adsorption of As
V
 on 
natural and oil-coated goethite, illite, and montmorillonite is entropy-controlled.  
 
6.3.3.4 Gibbs free energy (rGads)  
The rGads is a function of the variables H and S, G = f(S,H), and is subjected to 
uncertainty in their values (Roddick, 1987). To estimate the error on the calculated 
rGads values, a propagation of errors for the rGads values was performed using the 
equation 212,121
2
2
2
2
2
1
2
121
2
G 2)(  pwwwwBwAw  , where 2,1p  is the 
correlation between the two random variables,
 
1w  is the weight of random 
variable A and 2w  is the weight of random variable B. As seen in Table 6.3, 
average rGads values are not significantly negative or positive within the 
estimated 95 % confidence interval, in line with the observed spontaneous 
adsorption of As
V 
on all minerals, both natural and coated with oil. Despite the 
significant errors, trends are evident. The average rGads values of the As
V
 
adsorption on natural goethite and montmorillonite are positive at low 
temperatures (Table 6.3) and on natural illite they are negative at all temperatures. 
Minerals with oil coatings show an increase of the rGads values for goethite and 
illite and a decrease for montmorillonite. These observations are in line with the 
positive effect of the oil coatings on As
V
 adsorption in the case of montmorillonite 
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and the negative effect on illite and goethite. Increasing temperature decreases the 
rGads and this explains the increases of As
V
 adsorption with increasing 
temperature. The effect is largest for goethite, i.e., the greater slope. 
 
6.3.4 Activation energy  
Table 6.4 shows the calculated Ea of As
V
 adsorption reactions onto the minerals 
in the absence and presence of oil coatings. The Ea depends on adsorbents 
(goethite, illite, and montmorillonite) and on the presence of an oil coating and 
relates to the energy during the reaction process. In case of goethite, energy is 
needed for OH
-
 replacement on goethite surface group by the As
V
 anion.  
Table 6.4 Activation energy of the adsorption of As
V
 ([As
V
]0 = 67 mol/L) on goethite (1 g/L), illite 
(20 g/L), and montmorillonite (20 g/L) in the absence and presence of oil at 0.7 M, pH 8. 
Minerals-As
V
 system Ea (kJ/mol) A R
2 
Natural goethite  44.36 4606.85 0.8542 
Oil-coated goethite  45.32 4201.51 0.8912 
Natural illite  16.02 0.0804 0.8298 
Oil-coated illite  21.05 2.2766 0.7401 
Natural montmorillonite  9.25 0.0022 0.9656 
Oil-coated montmorillonite  19.25 0.1180 0.8989 
 
 
In the presence of oil, the Ea of As
V
 adsorption onto oil-coated goethite and oil-
coated illite increases slightly, e.g., from 44.36 (natural goethite) to 45.32 kJ/mol 
(oil-coated goethite) and from 16.02 (natural illite) to 21.05 kJ/mol (oil-coated 
illite). Previous work (Chapters 4 and 5) demonstrated unequivocally that oil is 
obstructing the adsorption of As
V
 on goethite and illite leading to a higher energy 
requirement for As
V
 adsorption. For montmorillonite, the oil coating leads to an 
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increase in the Ea from 9.25 to 19.25 kJ/mol, probably due to the need for oil-
coated montmorillonite particles to be separated. However, oil increases As
V
 
adsorption on oil-coated montmorillonite, indicating that there are other factors 
facilitating As
V
 adsorption on this mineral. Higher surface area of oil-coated 
montmorillonite and property change of its surface could be important factors for 
higher As
V
 adsorption after oil coating.   
 
The Ea is an indicator of whether the reaction process is diffusion-controlled      
(Ea below 42 kJ/mol) or surface-controlled (Ea above 42 kJ/mol) (Scheckel and 
Sparks, 2001). Diffusion-controlled adsorption reactions are regulated by mass 
transfer or sorptive diffusion from solution to the surface. 
 
Few studies regarding the Ea of As
V
 adsorption on mineral surface have been 
performed. The Ea of As
V
 adsorption on Mn-substituted iron oxyhydroxide ranges 
between 15 and 24 kJ/mol (Lakshmipathiraj et al., 2006a), on goethite ranges 
between 20 and 43 kJ/mol (Lakshmipathiraj et al., 2006b) and on 
Al(oxy)hydroxide ranges between 44.8 and 23.6 kJ/mol in the absence and 
presence of tannic acid. These experimentally determined ranges indicate that the 
limiting step of As
V
 adsorption on mineral surface is surface-controlled and 
diffusion-controlled depending on the sorbing minerals (Xu et al., 2008).  
 
6.3.5 Models of AsV interaction with oil on mineral surface   
Figure 6.7 show proposed models of As
V
 interaction with natural and oil-
coated goethite (Figure 6.7, panels (a) and (b)) and natural and oil-coated clays 
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(Figure 6.8, panels (a) and (b)) in NaCl solution. These have been suggested based 
on various previous work (Waychunas et al., 1993; Waychunas et al., 1995; 
Hiemstra and Riemsdijk, 1999; Cheng et al., 2009; Wainipee et al., 2010; D'Arcy 
et al., 2011).  
 
The thermodynamic data of this work are largely in line with these adsorption 
models. The higher rHads values for goethite suggest that the adsorption of      
As
V 
on goethite (Figure 6.7, panel (c)) is stronger than that on clays. For clays, the 
As
V
 adsorption is believed to be through Na
+
 bridging (Figure 6.8, panel (c)) 
(Zhou et al., 1994; Arnarson and Keil, 2000) which is in line with the observed 
range of Ea. The positive rSads values are in line with the formation of a            
bi-dentate adsorption complex and the loss of OH
-
 (from goethite surface)    
(Figure 6.7, panel (c)) or H2O (from clay mineral surface). The released OH
-
 and 
H2O molecules are believed to increase the rSads values. Minerals with oil 
coatings show an increase of the rGads values for goethite and illite and a 
decrease for montmorillonite. These observations are in line with the positive 
effect of the oil coatings on As
V
 adsorption in the case of montmorillonite and the 
negative effect on illite (Figure 6.8, panel (d)) and goethite (Figure 6.7, panel (d)). 
The negative rGads increases with increasing temperature suggesting that the 
adsorption of As
V
 is more favourable at higher temperature for natural and oil-
coated goethite (Figure 6.7, panels (e) and (f)) and natural and oil-coated clays 
(Figure 6.8, panels (e) and (f)). 
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The results show that Ea of As
V
 adsorption on goethite is higher than that on illite 
and montmorillonite and it is slightly greater for oil-coated goethite than that for 
natural goethite. This implies that more energy is needed for the adsorption to 
occur. Compared with natural clay systems, there are a greater Ea values for illite 
and montmorillonite in the presence of oil. This may be consequence of the 
different amount of oil coating on clays, which is ten times of that on goethite.  
 
 
Figure 6.7 A model for temperature effect on As
V
 adsorption on goethite in the absence and 
presence of oil based on the thermodynamic data. Panel (a) shows natural goethite and panel (b) 
shows oil-coated goethite. Panels (c) and (d) are As
V
 adsorption on natural and oil-coated goethite  
at low or room temperature. The adsorption of As
V
 increases with increasing temperature for both 
natural (panel (e)) and oil-coated goethite (panel (f)). 
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Figure 6.8 A model for temperature effect on As
V
 adsorption on clay minerals in the absence and 
presence of oil based on the thermodynamic data. Panel (a) is natural clay and panel (b) is oil-
coated clay. Panels (c) and (d) are As
V
 adsorption on natural and oil-coated clays at low or room 
temperature. The adsorption of As
V
 increases with increasing temperature for both natural    
(panel (e)) and oil-coated clays (panel (f)). The difference with goethite is that the As
V
 anion is 
believed to be adsorbed on clays through Na
+
 bridging. 
 
6.4. CONCLUSION  
This study investigated the thermodynamic parameters and the effect of 
temperature on the adsorption of As
V
 on natural and oil-coated goethite, illite, and 
montmorillonite in 0.7 M NaCl solution at pH 8. I find that 
1. The adsorption of AsV on goethite, illite, and montmorillonite is found 
to follow a pseudo second order reaction. The adsorption appears to be a pseudo 
second order reaction with high correlation coefficients implying that the 
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adsorption is dependent on both As
V
 and adsorbents. The exception is oil-coated 
illite which follows the pseudo first order reaction trend suggesting that the 
adsorption depends on only one reactant which is the amount of oil-coated illite. 
Variations in the As
V
 concentration do not significantly control the adsorption 
process due to low number of available adsorption sites on oil-coated illite. 
2. The adsorption of AsV on goethite, illite, and montmorillonite increases 
with increasing temperature in natural and oil-coated minerals alike. The Qmax of 
As
V
 adsorbed on oil-coated goethite and illite is lower than that on natural 
goethite and illite. The opposite is true for oil-coated montmorillonite where the 
oil coating increases the As
V
 adsorption with higher Qmax due to increased surface 
area. In natural minerals, As
V
 adsorption is the highest on goethite, then illite and 
then montmorillonite. This is explained by the positive surface charge on the 
goethite, which leads to the electrostatic attraction of the As
V
 oxyanion. It has 
previously been suggested that the adsorption of As
V
 onto the goethite surface is a 
ligand exchange reaction releasing OH
-
 into the solution. This is confirmed in my 
study by the rHads value. Clay minerals have a negative surface charge leading to 
an electrostatic repulsion and thus lower As
V
 adsorption. 
3. Oil coverage on the minerals affects all studied thermodynamic 
parameters (rSads, rHads, and rGads) implying that the energy requirements for the 
adsorption process change significantly. Oil decreases the negative rGads values on 
oil-coated goethite and illite but not on oil-coated montmorillonite. The positive 
rHads values suggest that the As
V
 adsorption on the studied natural and oil-coated 
minerals are endothermic. The positive rSads values on the studied natural and oil-
coated minerals are in line with a dissociative adsorption mechanism for As
V
 and 
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agree with the previously suggested formation of a bi-dentate complex on the 
mineral surface (iron oxide and clay minerals). A positive linear relationship 
between rHads and rSads during As
V
 adsorption on goethite, illite, and 
montmorillonite in the absence and presence of oil suggests compensation as an 
important mechanism of the adsorption. The Tc is 299.4 K and is entropy-
controlled. 
4. According to Ea values the As
V
 adsorption process on illite and 
montmorillonite is diffusion-controlled in water and the adsorption of As
V
 on 
goethite is a surface-controlled reaction. The oil coating leads to the increase in Ea 
values due to higher energy requirements for the As
V
 adsorption to occur. 
 
This study agrees well with my previous studies and confirms that an oil spill may 
impact the amount of As
V
 that is adsorbed on common marine sedimentary 
minerals. Important controls include the type of minerals present and whether or 
not there is oil coverage on the mineral surface. It is clear that coating of oil can 
cause the accumulation of As
V
 in the marine environment and its greater 
bioavailability. Although the adsorption process is now reasonably understood, 
future work should be performed to determine the desorption characteristics of 
As
V
 following oil spill-contamination of sediments in order to understand the 
whole cycling of As in the marine environment. 
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7. CONCLUSION AND FUTURE WORK  
7.1. SUMMARY 
Introduction 
This study focuses on the environmental risk brought about by heavy metal 
contamination in the Gulf of Thailand (GOT) and the related processes that occur 
in the ocean once heavy metals are discharged into the sea. The adsorption of 
heavy metals on minerals is one of the aspects that must be taken into 
consideration when establishing criteria or guidelines for the management of 
petroleum platform decommissioning.  
 
Arsenic (As) is the heavy metal chosen for this study due to the fact that As is one 
of the key pollutants in the GOT. It is generated from natural sources and human 
activities. It is also one of the heavy metals found naturally in oil. The spillage of 
oil leads to the release of As into the environment. Arsenic is most commonly 
found as arsenate (As
V
), is toxic and can be accumulated in the marine food chain 
in the contaminated area. People could be affected during exposure to 
biomagnified As when consuming contaminated sea food.  
 
Goethite has been used to represent the mineral adsorbent in the experiments for 
this study. Goethite is a mineral found in the soil (Matis et al., 1999; O'Reilly      
et al., 2001; Kaur et al., 2009) and sediment (Luengo et al., 2007) and has been 
used for adsorption studies in the past. Four clay minerals including illite, 
montmorillonite, kaolinite, and chlorite, have also been selected because of their 
widespread existence in the GOT (Aoki, 1976).  
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As
V
 adsorption on goethite  
The adsorption of As
V
 on goethite has been performed at pH 4 and 8 and ionic 
strengths (I) at 0.001 and 0.7 M NaCl to mimic freshwater and seawater 
conditions, respectively. The adsorption of As
V
 on goethite depends on pH, I, and 
the amount of oil. The adsorption of As
V
 on goethite is related to the surface 
charge and surface area. The adsorption of As
V
 increases with increasing I 
indicating the formation of an inner-sphere complex. Goethite has a positive 
surface charge leading to a decrease in adsorption with increasing pH owing to the 
increase in electrostatic repulsion between the negative charge at the goethite 
surface and the negative charge of the As
V
 anion. Surface area is also an important 
factor for As
V
 adsorption. Oil coating decreases the adsorption of As
V
 due to the 
reduction in available surface area. However, FTIR analyses reveal that there is a 
significant oil-As
V
 interaction on oil-coated goethite. 
 
As
V
 adsorption on clays 
The adsorption of As
V
 is the highest on illite, followed by montmorillonite and 
the lowest on kaolinite and chlorite. Arsenate adsorption depends on pH, I, and 
oil presence. The adsorption of As
V
 on clay minerals increases with increasing I, 
and decreases with increasing pH. The adsorption of As
V
 on clay minerals is 
likely through Na
+
 bridging and is, therefore, affected by surface charge and 
surface area. Like goethite, the introduction of oil decreases surface area of clay 
minerals leading to a decrease in the adsorption of As
V
. This effect is seen for all 
clay minerals with the exception of montmorillonite. Montmorillonite is 
swelling clay and its surface area increases when in solution resulting in an 
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increase in As
V
 adsorption. FTIR analyses reveal that there is no As
V
-oil 
interaction. This is contrary to data from goethite-As
V
 adsorption experiments 
and is probably due to the ten times greater amount of oil-coated on clay 
minerals relative to that on goethite. I conclude that there is an oil-As
V
 
interaction due to a small decrease in the FTIR response intensity on oil-coated 
goethite after As
V
 adsorption. However, according to the FTIR results for       
oil-coated clay minerals, there is no change in the intensity after adsorption.  
The reason for not clearly seeing this small change in the intensity on the       
oil-coated clays could probably due to the large amount of oil coating on the 
clay minerals. The magnitude of the alteration of this FTIR intensity may be too 
small to be detected. Further investigation of the interaction of As
V
 and oil 
should be performed using lower oil concentrations. 
 
Temperature dependence of adsorption reactions 
Goethite, illite, and montmorillonite were selected for testing the effect of 
temperature on the adsorption of As
V
. Experiments were performed under five 
different temperatures (5, 25, 35, 45, and 55 ˚C) and at pH 8 and I at 0.7 M NaCl. 
The adsorption depends on the initial As
V
 concentration, temperature, type and 
amount of adsorbents, and oil presence.   
 
The adsorption of As
V
 on these three minerals, in the absence and presence of oil, 
increases with increasing temperature and follows the Langmuir model, suggesting 
that the adsorption mechanism is not affected by temperature. The reaction 
enthalpy and entropy (rHads and rSads) for goethite are more positive than those 
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for illite and montmorillonite. However, oil coverage increases significantly the 
rHads and rSads values for all three minerals, in line with suggestion that As
V
-oil 
interaction is important during the As
V
 adsorption on oil-coated minerals.         
The adsorption of As
V
 on natural and oil-coated goethite, illite, and 
montmorillonite is entropy-controlled. The As
V
 adsorption on oil-coated illite 
shows lower adsorption compared with the two other minerals; oil encourages 
illite particles to pack closer together and it becomes more difficult for As
V
 
adsorption to take place. The reaction Gibbs free energy (rGads) for goethite and 
illite is negative at higher temperatures but is slightly positive at low 
temperatures. For the oil-coated minerals, the rGads is less negative reflecting the 
reduced surface sites available for adsorption. 
 
Kinetics of adsorption 
A study of the kinetics of As
V
 adsorption on goethite, illite, and montmorillonite 
in the absence and presence of oil at pH 8 and I of 0.7 M NaCl at five 
temperature levels was performed. The adsorption of As
V
 displays high 
correlation coefficients for a pseudo second order reaction. The exception is       
oil-coated illite which appears to following a pseudo first order reaction. The oil 
coating increases the energy of activation (Ea) for As
V
 adsorption on goethite, 
illite, and montmorillonite indicating that more energy is needed for                  
As
V
 adsorption on oil-coated minerals.  
 
Implications 
The adsorption of As
V
 on mineral surface depends on a variety of factors.     
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These include the type of minerals, pH, I, temperature, and the amount of oil.   
The magnitude of As
V
 adsorption is the highest on goethite followed by the clay 
minerals a relationship controlled by the surface charge and surface area of the 
adsorbents. The surface charge of goethite is positive and the surface area is much 
more than that of clay minerals. The adsorption is higher at lower pH as a result of 
a more positive charge on the mineral surface which leads to higher electrostatic 
attraction. The effect of oil on adsorption is dependent on the type of adsorbents. 
In general, the As
V
 adsorption is lower on oil-coated minerals because the 
available surface area decreases leading to lower adsorption. The exception is   
oil-coated montmorillonite where the surface area increases in the suspension. 
The I increases the magnitude of As
V
 adsorption due to higher positive surface 
charge created on the mineral surface leading to more electrostatic attraction. 
Greater temperatures increase the adsorption of As
V
 on all adsorbents and the 
adsorption process follows the Langmuir isotherm model. 
  
The results from this study will enhance my ability to predict the risks of oil 
contamination in the GOT. Effective assessments will require knowledge of 
seabed mineral constitution and distribution in the GOT. The interpretations from 
the laboratory studies should be expanded to the natural environment and the 
hypotheses generated tested in the complex marine environment. 
 
7.2. FUTURE WORK 
To make any study manageable, a representative set of materials must be used to 
examine the fundamental processes that are taking place. Once the mechanisms 
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have been identified, testing the extent to which these processes vary by changing 
the types of materials used helps to qualify the mechanisms and explore their 
universality. Future work should focus on such an extension to this study by 
examining a wider range of minerals, electrolytes, and heavy metals.  
 
The adsorption work examines the interactions of As with a number of 
representative minerals. Inevitably there will be other minerals in the natural 
environment whose behaviour is currently unknown. Future work should examine 
the adsorption characteristics of As on a wider range of minerals, such as jarosite 
and other clay minerals in smectite groups. The reason for this is that jarosite is 
found in illite studied here and montmorillonite is one mineral in smectite group. 
The adsorption study on the mixture of minerals is also important. This can lead 
to the right interpretation when needed for environmental management. However, 
the prioritisation of minerals to be studied should reflect the relevance to a 
particular area in which platform decommissioning is taking place and the 
potential environmental damage that may occur.  
 
In a similar vein, this thesis only focuses on the adsorpion of As in NaCl solutions 
because it is one of the major electrolytes in the marine environment. In the ocean, 
however, there are many cation and anion mixtures and there can be a competitive 
behaviour of these ions during the adsorption process. For instance, it has been 
reported that the change of Na
+
 to Ca
2+
 can increase the positive charge of soil 
particles (Smith et al., 2002). The complex interactions of cation mixtures may 
provide a fruitful further investigation.  
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Arsenic itself is only one of the pollutants in the GOT. Mercury (Hg) is another 
common toxic element and is expected to behave differently from As owing to the 
different charges of their most common species. For example, Hg is generally 
found as a cation and, therefore, will be electrostatically attracted to the negative 
charges on clay layers. The adsorption of Hg in the presence of oil should be 
investigated in a similar fashion to As. 
 
This study has concentrated on the adsorption of heavy metals to seabed minerals. 
It is inevitable that what can be adsorbed can also be desorbed. Therefore, the 
condition and probability of desorption of significant mineral-bound reservoirs of 
heavy metals in the marine environment are important avenues for future research. 
 
Multicomponent systems are more complex than those with fewer variables and in 
the real marine environment, the sediment samples may consist of a variety of 
heavy metals, organic matter, minerals, and iron oxides. The adsorption and 
desorption behaviour may be different from the results from the restricted 
mixtures analysed in the laboratory. More complex systems should be tested to 
examine to what extent complexity modifies the processes under observation.     
In this way the natural environment can be more fully understood and the 
environmental risks of platform decommissioning adequately quantified.  
    
Future work should also exploit experimental results to construct risk maps for 
natural environments. Knowledge of the seabed mineral composition and ambient 
salinity and pH will allow the spatial variations in adsorption to be predicted. 
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Perhaps using such approaches will provide the greatest practical benefits from 
the laboratory work detailed in this thesis. 
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This study reports the adsorption of arsenate, As(V), on goethite (a-FeO(OH)) and oil-coated
goethite at experimental conditions chosen to mimic settings of wastewater from oil fields
being released into marine and freshwater bodies. Similarities are evident between the As
(V)egoethite and As(V)eoilegoethite systems: i) Adsorption is fast and saturation is ach-
ieved within 180 min, ii) Reaction rates approximate to a pseudo second order rate
expression and range between 6.5 and 52.3 104 g/mmol/min, iii) Adsorption mechanisms
are best described with a Langmuir model, and iv) Adsorption capacity rises with
decreasing pH reflecting the increase of positive charges on the goethite surface. A
difference is discernable in that the adsorption of As(V) is reduced significantly when the
goethite is coated with oil. The similar experimental macroscopic observations for both
systems, i.e., Langmuir model fits, reaction rates, and the effect of pH and ionic strength (I),
suggest that the oil reduces the effective and/or reactive surface area. The zeta potential (z)
indicates that the oil coating also changes the surface charge of the goethite, shifting the
pH point of zero charge from 9.8 to about 3, thus contributing to the reduced As(V)
adsorption. FTIR spectra show that As(V) interacts with the carbonyl functional groups of
the oil. Our results suggest that oil-covered goethite significantly reduces the adsorption of
As(V) and this points to a potentially significant indirect effect of oil on the cycling of As(V)
and other oxyanions in oil polluted waters.
ª 2010 Elsevier Ltd. All rights reserved.1. Introduction of these contaminating materials in discharged wastewaterWater is generated during the production of petroleum and
natural gas. In the case of offshore production, such water is
discharged to the body of natural water surrounding the
production platforms (Enwere et al., 2007). The wastewater can
contain relatively high levels of toxic elements such as arsenic
(As, up to 1000 mg/mL) along with varying concentrations of
dissolved and dispersed hydrocarbons (above 40 mg/mL and up
to 15 wt.%) and mineral particles (Frankiewicz and Gerlach,
2000). These mineral particles are commonly covered with oil.
Governmental regulations worldwide seek to reduce the levelsrth Science and Engineer
D.J. Weiss).
ier Ltd. All rights reservedfrom oil platforms (Riazi and Roomi, 2008). For instance, in the
Gulf of Thailand, the maximum concentration of As allowed is
100 ng/mL (Frankiewicz and Gerlach, 2000).
Arsenic is a toxic element that warrants special concern
owing to its carcinogenic properties and its high relative
abundance alongside other toxic elements such as Hg, Pb, Cd,
etc. (Deocadiz et al., 1999). Arsenic in natural water occurs
primarily as arsenate, As(V), and to a lesser extent as arsenite,
As(III), (Smedley and Kinniburgh, 2002). Its fate during and
after the release of wastewater into natural water is controlled
by, amongst other processes, its interactions with mineraling, Imperial College London, London, United Kingdom.
.
wat e r r e s e a r c h 4 4 ( 2 0 1 0 ) 5 6 7 3e5 6 8 35674surfaces (Smedley and Kinniburgh, 2002). One of the master
variables controlling adsorption is pH. In general, As(V)
adsorption onto minerals, e.g., onto amorphous Fe oxides, is
increased at lower pH (Dixit and Hering, 2003).
Crude oils comprise a wide spectrum of compounds
ranging from low to high molecular weights. These include
aliphatic and aromatic hydrocarbons and a variety of
asphaltenes, resins and waxes (Cosultchi et al., 2004). Organic
compounds from oil spills are exposed in the aquatic envi-
ronment to biogeochemical processes that affect their
subsequent fate (Oros et al., 2007). Correlations between
surface area and organic content have been observed in
marine sediments reflecting the adsorption of organic
compounds on mineral surfaces (Mayer, 1994). Hence mineral
interactions are obvious mechanisms that affect the fate of
water-borne oil. Oil adsorption is dominated by polar mole-
cules and polymers (Delle Site, 2001). The carboxyl functional
groups of low molecular weight organic acids promote inner-
sphere complexation and this type of binding increases at low
pH owing to protonation (Yoon et al., 2005). Macromolecular
organic matter, by contrast, is characterised by outer-sphere
adsorption with minimal inner-sphere interaction, although
proportions of the latter do become greater at lower pH (Yoon
et al., 2004). Interaction between non-polar hydrophobic
polycyclic aromatic hydrocarbons (PAHs) and the positive
surface charge of iron oxide surfaces is induced by dipo-
leedipole effects (Tunega et al., 2009) and the arrangement of
the hydroxyl anion groups (OH) affect PAH orientation on the
surface. Effective sorption of hydrocarbons on oxides has been
demonstrated in artificial seawater (Shen and Jaffe, 2000).
Organic coatings on mineral surfaces exhibit a strong
control on As(V) adsorption because they alter the surface
charge (Mohapatra et al., 2006b, Tipping and Cooke, 1982).
While increased As(V) adsorption is observed on kaolinite in
the presence of humic acids (Cornu et al., 1999), significant
competition between dissolved organic carbon and As(V) for
surface sites seems to reduce As(V) adsorption on oxides
(Grafe et al., 2001, Redman et al., 2002). Natural organicmatter
can also delay the attainment of the adsorption equilibrium
(Redman et al., 2002).
While a number of independent studies have been
completed on the variables controlling As(V) or organic
adsorption on mineral surfaces (Delle Site, 2001, Smedley and
Kinniburgh, 2002), we do not know of any study investigating
the effect of crude oil coatings on the adsorption of As(V) on
iron oxides. Crude oil has a very different chemical composi-
tion to the types of organic matter studied previously. The
paucity of studies on As(V), oil and iron oxide minerals is
surprising given their common coexistence in wastewater
generated by offshore oil processing and the importance of
the latter process in the petroleum industry.
The objective of this work was to investigate As(V)
adsorption on goethite in the presence and absence of oil
coatings and to assess the environmental implications. We
conducted batch experiments in the laboratory using different
experimental settings at low and high pH and ionic strength (I)
to simulate different aqueous environments, i.e. marine and
freshwater bodies. FTIR spectra and zeta potential (z)
measurements were used to constrain the adsorption mech-
anisms involved.We speculate that the principle effect of oil isthe occupation of adsorption sites for the As(V), the direct
interaction between As(V) and oil and the lowering of the
mineral surface charge.2. Experimental procedure
2.1. Preparation of goethite, oil and oil-coated goethite
Goethite was prepared using published methods
(Schwertmann and Cornell, 2000). 180 mL of 5 M KOH was
added to 100 mL of 1 M Fe(NO3)3. The solution was made up to
2 L in a polyethylene bottle with deionisedwater. The solution
was heated in the oven at 70 C for 60 h. The goethite was
centrifuged and thoroughly washed. The precipitate was
freeze-dried and ground before being identified by X-ray
diffraction (XRD). The sample was degassed overnight and the
surface area (SSA) determined as 35.4 m2/g using a Gemini
Analyser (BET).
The oil used for the study was extracted from a natural
seep from an oil-stained section of Upper Jurassic sandstones
at Osmington Mills, Dorset, UK. The oil has been charac-
terised in detail before (Watson et al., 2000). It degraded in an
oxic environment under mechanisms somewhat comparable
to those operating during environmental exposure, leading
to enrichment in diasterene biomarkers. Five grams of oil-
stained sand were extracted using a solvent mixture of 93:7
(v/v) dichloromethane/methanol. The extracted oil was
centrifuged at 2500 rpm for 15 min and the supernatant
transferred into a round bottom flask. This procedure was
repeated five times. The resulting oil extract was diluted with
the same solvent to the desired concentrations for the As(V)
adsorption experiments. To reflect natural conditions, the
total extract was used in the adsorption experiments. A
known amount of oil/solvent was added to 100 mg of
goethite and the solvent was allowed to dry. The effective
oil:Fe weight ratio was 0.03 0.005. The SSA of oil-coated
goethite was 9.3 m2/g.2.2. Adsorption experiments
Arsenate solutions were prepared from reagent-grade
Na2HAsO4$7H2O (Sigma Aldrich). The adsorption experiments
were carried out in a closed temperature control shaker at
25 1 C and at pH values of 4 and 8 and I of 0.001 and 0.7 M to
simulate aqueous solutions after the release of produced
water into marine and freshwater bodies. The adsorption
experiments were performed using 250 mL high-density
polyethylene (HDPE) bottles (As(V)egoethite system) and
150 mL glass bottles (As(V)eoilegoethite system). The As(V)
concentrations ranged between 67 and 334 mmol As/L, typical
for wastewater produced on oil and gas rigs (Frankiewicz and
Gerlach, 2000). The solution pH was adjusted to 4 and 8 by
adding NaOH and HCl to the solutions and I of 0.001 and 0.7 M
was established using NaCl. The pH was adjusted after the
addition of As(V) and allowed to drift during the reaction. The
final pH values are shown in Table 1. 100 mg goethite was
weighed and added to each test solution. For the As(V)eoil-
egoethite studies, goethite was initially coated with oil and
Table 1 e Initial and final pH of the As(V)egoethite and
As(V)eoilegoethite systems. (D) and (L) indicate the
presence and absence of oil in the experimental systems,
respectively. The error (1 SD) is ±0.1 units, determined
from replicate pH determinations.
NaCl (M) Oil Initial pH pH after equilibrium
0.7 þ 4 3.9
 4 4.4
þ 8 8.0
 8 8.6
0.001 þ 4 3.5
 4 4.4
þ 8 7.8
 8 8.6
wat e r r e s e a r c h 4 4 ( 2 0 1 0 ) 5 6 7 3e5 6 8 3 5675left to dry for 2e3 h to remove any residual solvent before the
addition of As(V) solution.
All theadsorptionexperimentswerecarriedout in triplicate
in batch systems. Initial experiments to determine the equi-
librium timewere performed using solutions of 334 mmol As/L.
Experiments to determine the reaction rates were carried out
with initial As(V) concentrations ranging between 67 and
334 mmol As/L and with sampling intervals of 10 min. The
isotherm experiments were performed by collecting samples
of different As(V) concentrations after the equilibrium was
reached (after 3 h). At the desired time, samples of approxi-
mately 1 mL were collected and filtered through 0.2 mm cellu-
lose acetate sterile syringe filters. These filtrateswere acidified
to 10% (v/v) HNO3 and analysed by ICP-AES Varian Vista-Pro.
We used the Langmuir and Freundlich models to assess
empirically the adsorption isotherms and quantify the
adsorption capacity (Limousin et al., 2007). The Langmuir
model assumes that the surface is uniform and that the
adsorbed material forms a single layer. Adsorption sites are
limited, thus the adsorption decreases as As(V) concentration
approaches the maximum level expressed by the equation
qe ¼ QmaxbCe1þ bCe ; (1)
where Ce is the adsorbate concentration in solution at equi-
librium (mmol As/L), qe is the adsorbed quantity at equilibrium
(mmol As/g),Qmax is themaximumadsorption of the adsorbent
(mmol As/g), and b is an experimental constant (L/g). The Qmax
is derived from the above equation, which is arranged to
a linear form as
Ce
qe
¼ 1
Qmaxb
þ Ce
Qmax
(2)
The Freundlich isotherm assumes that the adsorption sites
are not limited. The Freundlich model is presented by the
equation
qe ¼ KfC1=ne (3)
Taking the log, it derives to
log qe ¼ 1nlog Ce þ log Kf ; (4)
where Kf (L/g), and 1/n are constants derived from the
experiment.2.3. Fourier Transform Infrared (FTIR) spectroscopy
FTIR spectroscopy was used to investigate the interaction
between As(V) and goethite with and without oil coating. One
mg dry sample was mixed with 100 mg KBr, powdered and
pressed to form a pellet and analysed using a PerkinElmer
Spectrum One FT-IR Spectrometer. The resolution was 8 1/cm
and 16 scans were accumulated for each analysis. The spectra
were collected at the frequency of 200 to 4000 1/cm. The FTIR
spectra of goethite and oil-coated goethite before (dry) and
after As(V) adsorption (wet) were compared.
2.4. Zeta potential (z) analysis
The z analysis was performed using Zetasizer Nano Instru-
ment (Nano ZS, Red badge ZEN 3600). The goethite and oil-
coated goethite samples were prepared in the absence and
presence of As(V) in 0.001 and 0.7 M NaCl solutions. The zwas
measured after reaching equilibrium following 30 min and
after three days. 2.5 mg goethite was added into 10 mL of the
solution, obtaining a solid/solution ratio of 0.25. The solution
was adjusted to a pH between 3 and 9 by adding NaOH and
HCl. In cases where the iso-electric point (IEP) of goethite was
outside this pH range, additional z was measured. The IEP
value or pHPZC (pH at point of zero charge) is defined here as
the pH value where z is equal to zero. The mean value was
reported from three readings. Some samples were selected for
repeat measurements to determine the reproducibility. The
electrophoresis cell was washed and rinsed three times with
deionised water and with the sample solution before
measurements to avoid cross-contamination.
3. Results and discussion
3.1. Adsorption kinetics
Fig. 1 shows the time required until adsorption equilibrium of
As(V) with goethite is reached in the As(V)egoethite and
As(V)eoilegoethite systems. For reasons of clarity, we only
show the results for the experimental settings at 0.001 M and
pH 4 (panel a) and at 0.7 M and pH 8 (panel b) but identical
observations were made for the other two experimental
settings. In the As(V)egoethite system, the adsorption is fast
and equilibrium is achieved within 180 min with insignificant
adsorption thereafter. This time period agrees with kinetic
studies of As(V) adsorption on iron oxides (Fuller et al., 1993,
O’Reilly et al., 2001). In the presence of oil, the adsorption of
As(V) is achievedwithin the same time, suggesting that the oil
coverage does not affect the time needed for the As(V) mole-
cules to access the adsorption sites. This observation differs
from the effect that NOM has on As(V) adsorption equilibrium
time, where an increase of approximately three times (from 6
to 20 h) is observed (Redman et al., 2002).
Consequently, we studied the adsorption kinetics in more
detail in the As(V)egoethite system. We applied the pseudo
first and pseudo second order kinetic models to our experi-
mental data. Both have been successfully applied to describe
the rate of adsorption of pollutants from aqueous solutions
onto adsorbents (Ho, 2006). The integrated form of the pseudo
first order rate equation is given as:
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Fig. 1 e As(V) adsorption on goethite at: (a) I[ 0.001 M, pH
4, and (b) I[ 0.7 M, pH 8, in the presence (D oil, C) and
absence (L oil, B) of oil. Equilibrium is reached within
180min. Error bars represent ±1SD, determined from
triplicate analyses and plot within the symbols.
Table 2 e Pseudo first (k1) and pseudo second order (k2) rate c
amount of adsorbed As(V) on goethite under the four different
I[ 0.7 M, pH 8 and I[ 0.001 M, pH 8.
Conditions [As(V)]0 (mmol/L) qe,exp (mmol/g) Pseudo fir
k1 (1/min) qe
0.7 M, pH 4 66.7 49.5 1.80 102
133.5 70.7 1.70 102
200.2 77.4 2.05 102
266.9 80.0 2.21 102
333.7 89.5 2.99 102
0.001 M, pH 4 66.7 50.6 2.56 102
133.5 57.2 2.56 102
200.2 57.9 1.11 102
266.9 60.0 0.69 102
333.7 67.3 2.30 102
0.7 M, pH 8 66.7 44.6 1.75 102
133.5 52.7 1.73 102
200.2 56.1 2.33 102
266.9 56.5 2.17 102
333.7 59.2 2.21 102
0.001 M, pH 8 66.7 27.0 1.57 102
133.5 27.9 1.45 102
200.2 28.1 0.69 102
266.9 30.2 0.55 102
333.7 34.1 1.61 102
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
qe  qt
 ¼ log qe  k12:303t; (5)
where qe and qt are the adsorbent quantity (mmol As/g) at
equilibrium and at time t (min), respectively, and k1 (1/min) is
the pseudo first order rate constant. The integrated form of
the pseudo second order rate equation is given as:
t
qt
¼ 1
k2q2e
þ 1
qe
t; (6)
where k2 (g/mmol/min) is thepseudosecondorder rate constant.
Table 2 shows the linear fits of the integrated forms for the
two kinetic models at different initial concentrations and the
calculated and experimental parameters. Although the corre-
lation coefficients for the pseudo first order kinetic model
obtained for some concentrations are high, the calculated qe
values (qe,cal) do not give reasonable values. For example, at
0.7 M, pH 4 and [As(V)]0 of 134 mmol/L, qe,cal for the pseudo first
order kinetic model is 49.7 mmol As/g but the experimental qe
value (qe,exp) is 70.7 mmol As/g. In contrast, the correlation
coefficients for the pseudo second order kinetic model are in
general greater than 0.97 (Fig. 2, Table 2) and qe,cal values agree
well with qe,exp (Table 2). A pseudo second order kinetic model
was observed for As(V) adsorption onto iron oxide coated sand
(Thirunavukkarasu et al., 2003), phosphorous adsorption on
calcined alunite (O¨zacar, 2003) and many other anionic,
cationic or organic adsorptions onmineral surfaces (Ho, 2006).3.2. Effect of oil on adsorption isotherms
Table 3 gives the experimentally determined parameters for the
Langmuir and Freundlich models in the As(V)egoethite and in
the As(V)eoilegoethite systems under different experimentalonstants and experimental (qe,exp) and calculated (qe,cal)
experimental conditions: I[ 0.7 M, pH 4; I[ 0.001 M, pH 4;
st order model Pseudo second order model
,cal (mmol/g) R
2 k2 (g/mmol/min) qe,cal (mmol/g) R
2
35.3 0.949 9.49 104 53.8 0.991
49.7 0.959 6.51 104 78.1 0.992
46.0 0.920 8.32 104 84.0 0.992
36.5 0.844 15.52 104 82.0 0.997
44.9 0.956 14.81 104 92.6 0.999
15.0 0.936 46.00 104 51.3 0.999
18.5 0.787 35.21 104 58.5 0.997
13.7 0.289 26.42 104 60.2 0.996
15.6 0.278 17.02 104 56.2 0.955
22.3 0.449 20.26 104 68.0 0.983
35.5 0.981 8.07 104 51.0 0.994
40.2 0.945 7.22 104 59.2 0.987
46.9 0.942 7.74 104 63.7 0.972
35.8 0.568 7.01 104 56.5 0.973
50.4 0.869 8.89 104 55.9 0.980
16.0 0.953 22.43 104 28.0 0.993
15.3 0.925 22.38 104 28.8 0.988
9.1 0.284 44.20 104 28.7 0.991
14.4 0.315 13.01 104 26.7 0.859
11.7 0.388 52.28 104 33.6 0.934
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Fig. 2 e Plots of the pseudo second order adsorption kinetics of As(V) on goethite at different initial concentrations ([As(V)]0):
67 (,), 134 (B), 200 (6), 267 (>), and 334 (5) mmol As/L for all four experimental conditions: (a) I[ 0.001 M, pH 4, (b) I
[ 0.001 M, pH 8, (c) I[ 0.7 M, pH 4, and (d) I[ 0.7 M, pH 8. Error bars represent ±1SD, determined from triplicate analyses.
The slopes and intercepts are used to calculate the rate constants and qe (Table 2).
wat e r r e s e a r c h 4 4 ( 2 0 1 0 ) 5 6 7 3e5 6 8 3 5677conditions (i.e., varying pH and I). In the As(V)egoethite system,
themaximumcapacity (Qmax) at pH4 is 67.1 mmolAs/gat 0.001 M
and 97.1 mmol As/g at 0.7 M. At pH 8, Qmax is 33.6 mmol As/g at
0.001Mand 55.6 mmolAs/g at 0.7 M. These adsorption capacities
agree well with previously published values (Hristovski et al.,
2007, Jeong et al., 2007, Mohan and Pittman, 2007). The experi-
mental adsorption data is best described with the Langmuir
model (R2> 0.98; n¼ 5) for all experimental conditions. In the
As(V)eoilegoethite system, the adsorption of As(V) is equally
best described with the Langmuir model (R2> 0.82; n¼ 5) for all
experimental conditions, with the exception for 0.001 M, pH 8
(R2¼ 0.66; n¼ 5), which also shows the lowest adsorption. The
adsorption capacity ofAs(V),however, is significantly reduced inTable 3 e Langmuir and Freundlich constants for the As(V) a
absence of oil at 25 ± 1 C under the four different experimen
pH 8 and I[ 0.001 M, pH 8. Errors are ±1SD determined from
Conditions Langmuir
1/Qmax Qmax (mmol/g
a-FeO(OH))
Asegoethite 0.7 M, pH 4 0.0103 0.0002 97.1 2.0 0.
0.001 M, pH 4 0.015 0.001 67.1 5.6 0.
0.7 M, pH 8 0.019 0.002 55.6 6.6 0.
0.001 M, pH 8 0.030 0.006 33.6 8.6 0.
Aseoilegoethite 0.7 M, pH 4 0.025 0.001 39.8 2.4 0.
0.001 M, pH 4 0.033 0.004 30.5 3.7 0.
0.7 M, pH 8 0.063 0.013 16.0 3.6 0.
0.001 M, pH 8 0.064 0.018 15.6 4.2 0.the As(V)eoilegoethite system as seen in Fig. 3, with Qmax
ranging between 30.5 mmol As/g and 39.8 mmol As/g at pH 4 and
15.6 mmol As/g and 16.0 mmol As/g at pH 8.
3.3. pH changes during the adsorption process
As seen in Table 3 and Fig. 3, Qmax is higher at pH 4 than pH 8
in the As(V)eoilegoethite system. This suggests that As(V)
adsorption is still largely being controlled by the charge of the
goethite surface as observed for the As(V)egoethite system
(Manning and Goldberg, 1996, Mohapatra et al., 2006a, O’Reilly
et al., 2001, Xu et al., 1988). Theoretical work suggests that at
low pH, the adsorption of As(V) is dominantly as a bidentatedsorption isotherms on goethite in the presence and
tal settings: I[ 0.7 M, pH 4; I[ 0.001 M, pH 4; I[ 0.7 M,
triplicate analyses.
Freundlich
b (L/g) R2 log Kf Kf (L/g) 1/n R
2
051 0.003 0.997 1.48 0.02 4.38 0.11 0.205 0.008 0.997
074 0.006 0.986 1.60 0.02 4.94 0.12 0.084 0.025 0.834
226 0.189 0.995 1.56 0.07 4.76 0.36 0.101 0.046 0.840
072 0.047 0.983 1.28 0.11 3.60 0.39 0.085 0.075 0.629
013 0.002 0.823 0.55 0.03 1.74 0.05 0.391 0.009 0.791
011 0.004 0.936 0.47 0.11 1.60 0.17 0.366 0.050 0.907
128 0.058 0.879 1.01 0.19 2.73 0.53 0.113 0.087 0.134
010 0.003 0.656 0.20 0.04 1.04 0.25 0.430 0.189 0.614
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Fig. 3 e Langmuir equilibrium isotherm plots of As(V) adsorption on goethite in the presence (D oil,C) and absence (L oil,
B) of oil under the four experimental conditions: (a) I[ 0.001 M, pH 4, (b) I[ 0.001 M, pH 8, (c) I[ 0.7 M, pH 4, and (d) I
[ 0.7 M, pH 8. The slope is equal to 1/Qmax and the intercept is equal to 1/Qmaxb. As:Fe molar ratios were ranging between
0.006 and 0.03. Goethite concentration was 0.63 g Fe/L. Error bars represent ±1SD, determined from triplicate analyses. See
Table 3 for calculated values.
Fig. 4 e As(V) adsorption on oil-free goethite (open
symbols) and on oil-coated goethite (close symbols) vs.
surface area under the four experimental conditions: I
[ 0.7 M, pH 4 (diamond), 0.001 M, pH 4 (square), 0.7 M, pH 8
(triangle), and 0.001 M, pH 8 (circle).
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amonodentate entity (FeOAsO3) (Hiemstra and van Riemsdijk,
1999). Experimental work, however, found also evidence of
significant presence of bidentate complexes at higher pH (>8)
and an effect of As(V) loading on the type of sorption complex
(Waychunas et al., 1995, Waychunas et al., 1993). In the
bidentate species, the negative charge is located closer to the
surface than in the monodentate species because the biden-
tate species has two common ligands, while the monodentate
species has only one common ligand with the surface
(Hiemstra and van Riemsdijk, 1999).
The pH decreases after As(V) adsorption in the As(V)e
oilegoethite system (Table 1) but increases in the As(V)egoe-
thite system. The increase in the As(V)egoethite system likely
relates to the release of OH from the goethite surface from
ligand exchange during the As(V) adsorption and the forma-
tion of an inner-sphere complex:
SeOHþH2AsO4%SH2AsO4 þOH (7)
This observation is in line (i) with batch experiments during
the adsorption of As(V) on ferrihydrite at pH between 4 and 10
that found that OH is released at pH 4.6 and 9.2 (Jain et al.,
1999) and (ii) with evidence from various spectroscopic tech-
niques (Goldberg and Johnston, 2001, O’Reilly et al., 2001).
3.4. Effect of ionic strength (I) in the As(V)eoilegoethite
system
Fig. 3 shows that the As(V) adsorption onto oil-coated goethite
is larger at higher I. This observation is in line withexperimental work demonstrating increased As(V) adsorption
onto akaganite (b-FeOOH) with increasing concentration of
KNO3 (Deliyanni et al., 2003), an effect attributed to the posi-
tive charge of Kþ favouring As(V) adsorption. Higher electro-
lyte concentrations decrease the electrostatic repulsion
between the surface and As(V); proton adsorption onto the
goethite surface is also increased (Rietra et al., 2000). Different
electrolytes show different effects on proton adsorption,
a b
c d
e f
Fig. 5 e The zeta potential (z) of goethite and oil-coated goethite surfaces in the presence and absence of As(V)
concentrations of 67 and 334 mmol As/L: (a) goethite (B) and oil-coated goethite (C) in the absence of As(V) at 0.001 M; (b)
goethite (B) and oil-coated goethite (C) in the absence of As(V) at 0.7 M; (c) goethite in the absence (B) and presence of 67
(>) and 334 (6) mmol As/L at 0.001 M; (d) goethite in the absence (B) and presence of 67 (>) and 334 (6) mmol As/L at 0.7 M;
(e) oil-coated goethite in the absence (C) and presence of 67 (A) and 334 (:) mmol As/L at 0.001 M; and (f) oil-coated goethite
in the absence (C) and presence of 67 (A) and 334 (:) mmol As/L at 0.7 M.
wat e r r e s e a r c h 4 4 ( 2 0 1 0 ) 5 6 7 3e5 6 8 3 5679however, and NaCl and NaNO3 have a greater effect on initial
proton adsorption than NaClO4 (Rietra et al., 2000). This is
explained with the alteration of the electric potential and the
disposition of ions close to the surface (Barrow et al., 1980).
3.5. Changes in mineral surface properties e surface
area, surface charge and pHPZC
Coating the goethite with oil reduces the surface area by
approximately four times from 35.4 to 9.3 m2/g. While the
amount of As(V) adsorbed is also smaller (Fig. 4), the reduction
is not proportional, suggesting that other processes are
important. The z measurements suggest that the oil coating
reduces the surface charge and thus the pHPZC (Fig. 5, panel b).The pHPZC shifts from 9.8 to 3.8 at 0.001 M and to 2.8 at 0.7 M.
The surface charge decreases by about 40 mV at low I and
20 mV at high I (Fig. 5, panels a and b). This observation is
compliant with a previously published study, which found
that organic matter adsorbed on mineral surfaces decreases
the positive surface charge as a result of deprotonation of
functional groups (Xu et al., 1988). Similar effects with respect
to surface charge and pHPZC were observed in our study when
only As(V) was added to oil-free goethite (Fig. 5, panels c and
d). Changing As(V) concentrations did not have a great effect.
When As(V) was added to oil-coated goethite, the pHPZC and
the surface charge were lowered at the same time (Fig. 5,
panels e and f), combining essentially the effects of the oil and
the As(V) on the goethite surface charge.
Fig. 6 e FTIR spectra of oil at frequency between 500 and
4000 1/cm. Four peaks at 2953, 2924, 2870, and 2854 1/cm
are attributed to a stretching vibration of asymmetric
eCH3, asymmetric eCH2e, symmetric eCH3, and
symmetric eCH2e. Four bands at 1710, 1600, 1458, and
1378 1/cm assigned for eC]O, aromatic CeC, eCH2e, and
eCH3 functional groups.
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oilegoethite systems
Fig. 6 displays the FTIR spectra of oil in the frequency range
between 500 and 4000 1/cm. Absorbances at 2953, 2924, 2870,
and 2854 1/cm are attributed to a stretching vibration of
asymmetric eCH3, asymmetric eCH2e, symmetric eCH3 and
symmetric eCH2e. The band at 1710 1/cm is attributed to the
stretching of eC]O functional groups, while the band around
1600 1/cm is attributed to aromatic CeC functional groups.
The bands at 1458 and 1378 1/cm are assigned to the defor-
mation vibration of eCH2e and eCH3.
The FTIR spectra of oil-coated goethite only andof oil-coated
goethite after As(V) adsorption at low and high pH and I are
shown in Fig. 7, panels aed. The oil has four bands at 1710, 1600,
1458, and 1378 1/cmassigned foreC]O, aromatic CeC,eCH2e,
and eCH3 functional groups, respectively. The adsorption of
As(V) decreases the 1710 1/cm band intensity under all condi-
tions, i.e. at lowandhighpHand I, without significant change in
the band position. This suggests an interaction between the As
(V) and the eC]O functional groups of the oil causing a modi-
fication of the oil complex on the goethite surface. As a result,
this leads to the decrease in the vibration of eC]O functional
groups. This is best shown in the equation
SOH RCOþH2AsO4%SO RCOHAsO3 þH2O (8)
The broad band between 3100 and 3500 1/cm is due to the
H2O and OH
 functional groups of the goethite surface(Zhang
et al., 2008). After the As(V) is adsorbed, the OH peak does
not shift (Fig. 7). There is a peak, however, detectable within
this broad band between 3200 and 3500 1/cm in the goethite-
H2O (spectra 2, Fig. 7), goethiteeAs(V)eH2O system (spectra 3,Fig. 7), and oil-coated goethiteeAs(V)eH2O system (spectra 5,
Fig. 7) suggesting that the peak may come from the H2O.
When the oil is coated onto goethite with no H2O involved
during the coating process, the peak between 3200 and
3500 1/cm disappears (spectra 4, Fig. 7). The spectra of oil-
coated goethite before and after As(V) adsorption (Fig. 7)
show no shift or change in intensities of the bands at 2953,
2924, 2870 and 2854 1/cm assigned to eCH3 and eCH2e
functional groups. This suggests that there is no interaction
between As(V) and eCH2e, and eCH3 functional groups in the
oil coating.3.7. A model for the effect of oil on As(V) adsorption on
FeO(OH)
Fig. 8 summarises the experimental findings from this study
and develops a model which reflects the dominant processes.
In the As(V)egoethite system (Fig. 8, panel a), H+ ions attach
onto the goethite surface and impart a positive surface charge,
resulting in greater As(V) adsorption at lower pH. The pH
increases slightly after As(V) adsorption due to the release of
OH from the goethite surface, suggesting that As(V) adsorbs
as an inner-sphere complex (see also equation (7)). The
adsorption of As(V) at high I is enhanced by the closer distance
between goethite and As(V) and by surface complex formation
with Naþ on goethite altering the surface properties of the
mineral.
After covering the goethite with oil (Fig. 8, panel b), the oil
molecules block available adsorption sites thereby prevent-
ing the attachment of Hþ ions onto the goethite surface. This
decreases the positive surface charge of the goethite and
leads to reduced As(V) adsorption. The deprotonation of
functional groups of oil such as the eCOOH also reduces the
surface charge of oil-coated goethite. The oil reduces the
absolute number of available adsorption sites for As(V). The
FTIR spectra show that the intensity of eC]O functional
groups of oil decreases after As(V) adsorption, suggesting
significant interaction between As(V) and functional groups
of oil, which implies As(V) adsorption on oil coatings. These
As(V)eoil interactions are probably one of the reasons why
the reduction of As(V) on oil-coated goethite does not show
a linear relationship with reduction of the surface area.3.8. Environmental implications
Our results suggest that oil-covered goethite reduces the
adsorption of As(V) on its surface significantly. Thus,
release of production water from oil and gas rigs and of oil
in general will have a significant effect on the cycling and
the biogeochemistry of As(V) (and likely other oxyanions) in
the aquatic environment. The reduction is greatest at high
pH and low I, suggesting that alkaline freshwater systems
will especially be threatened by uncontrolled release of rig
wastewater. In addition, after oil release, sediments will
likely have reduced capacities to act as sinks of As(V) and
other pollutant elements, leading to a potentially acceler-
ated increase of toxic element concentrations in important
water sources.
ab
c
d
Fig. 7 e FTIR spectra of goethite and oil-coated goethite in the presence and absence of As(V) at frequency between 1300 and
1900 1/cm (LHS) and between 2600 and 3600 1/cm (RHS) for all four experimental conditions: (a) 0.001 M, pH 4, (b) 0.001 M, pH
8, (c) 0.7 M, pH 4, and (d) 0.7 M, pH 8. The spectra are: 1) dry goethite; 2) goethite in water (H2O) without As(V); 3) goethite in
water with As(V); 4) dry oil-coated goethite; and 5) oil-coated goethite in water with As(V).
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Fig. 8 e A preliminary model for the effect of oil on As(V)
adsorption. Panel (a) shows that without oil, As(V) is
adsorbed on the goethite surface and OHL is released from
the mineral surface. Panel (b) shows the goethite surface
area being blocked by oil molecules. This is leading to less
As(V) adsorption and the release of OHL into the solution.
As(V) interacts with the oil functional groups. See text and
equations (7) and (8) for detail.
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This study reports the effect of crude oil on the adsorption of
As(V) on goethite at pH values of 4 and 8 and at I of 0.001 and
0.7 M. We conclude that:
1. Adsorption is fast and saturation is achievedwithin 180 min,
the oil not affecting the kinetics of the adsorption process.
2. Reaction rate constants approximate to apseudo secondorder
rate expressionand rangebetween6.5and52.3 104 g/mmol/
min.
3. Adsorption mechanisms are best described with the Lang-
muir model giving R2 values of >0.98 and >0.82 for As(V)e
goethite and As(V)eoilegoethite systems, respectively.
4. Adsorption capacity increases with I and decreases at
higher pH, both reflecting reduction of positive charges on
the goethite surface. A difference, however, is discernable
between the As(V)egoethite and As(V)eoilegoethite
systems in that the adsorption of As(V) is reduced by at
least half relative to oil-free conditions.
5. While the As(V) adsorption in the As(V)eoilegoethite
system is reduced, the similar experimental observations
which constrain and elucidate the adsorption mechanism(i.e., Langmuir model fits, reaction rates, effect of pH and I)
for both systems suggest that the mineral surface area
remains the main controlling adsorption variable.
6. The FTIR spectra show that the intensities of vibration bands
at 1710 1/cmare reduced after As(V) adsorption in theAs(V)e
oilegoethite system, implying an interaction between As(V)
and the eC]O containing functional groups of oil. This
interpretation is consistent with a non-linear decrease in As
(V) adsorption with the reduction in oil-coated goethite
surface.
7. Our results indicate that adsorption of As(V) is significantly
reduced on oil-covered goethite and this could have an
important effect on the cycling and the biogeochemistry of
As(V) and other oxyanions in water with high oil loads.Acknowledgements
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